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Abstract
Summer Habitat Use, Home Range, and Effect of Catch and Release Mortality on the
Trophy Potential of Muskellunge, (Esox masquinongy, Mitchill, 1824), in a Southern
Reservoir Population

Peter Jenkins

Research on Muskellunge (Esox masquinongy, Mitchill, 1824) catch-and-release
mortality has been historically focused on the Midwest, Great Lakes, and Ontario. In the
southern portion of their range, which we consider to be the portion of the species distribution
south of the Mason-Dixon Line (~40°N), Muskellunge, may experience significantly warmer
temperatures than those in previous studies and anglers have expressed concern about summer
catch-and-release mortality. As part of a broader study to quantify catch-and-release summer
mortality in the southern range of Muskellunge, we utilized radio telemetry and active tracking
to verify individual movement and survival of Muskellunge in Stonewall Jackson Lake, WV.
The lake has a 52-inch minimum size limit for Muskellunge, making it effectively catch-andrelease except for trophy-sized individuals. We tagged 45 Muskellunge in the spring of 2020 and
47 Muskellunge in the spring of 2021 with radio telemetry transmitters, PIT tags, and an external
dart tag for unique identification by anglers. Muskellunge were tracked weekly from June
through September and monthly in October, November, March, April, and May. GPS location
and water quality parameters were taken at each unique location. We collaborated closely with
anglers and Muskies, Inc. to promote cooperation in the study and to provide rewards to anglers
catching and reporting tagged fish. Our estimate of angling mortality was based on survival of
individuals reported caught by anglers versus survival of fish not reported caught-and-released.
In 2020, 10 fish were caught by anglers when the temperatures exceeded 25o C, and mortality
was 10 percent. In 2021, 19 fish were caught by anglers when temperatures exceeded 25o C,
mortality was 10.5 percent. Twenty-six fish were caught during Spring, Fall, and Winter, and
survival was 100%. Individual growth model simulations were used to estimate the effect that
catch and release mortality has on trophy potential under different levels of mortality and
summer exploitation. Small differences, < 2 % difference in the proportion of the population
reaching memorably size, were seen at what we estimate are current values of summer catch and
release mortality (Cm = 0.1) and summer exploitation (Se = 0.15). Effects are more pronounced at
higher levels of catch and release mortality and exploitation (Se = 0.19; Cm = 0.3). A closed
summer season doubles the number of trophy individuals from 20 to 40 individuals (2 and 4% of
the 1000 age-1 individuals).
Muskellunge oxy-thermal habitat use, home range, and movement was identified from
radio telemetry locations. Summer surface water temperatures where Muskellunge were located
averaged 27.5 ± 0.17 °C in 2020 and 26.5 ± 0.74 °C in 2021, with maximum surface water
temperatures for Muskellunge location reaching 32.5 ° C. However, Muskellunge were able to

access thermal refugia near the thermocline and had an average transmitter temperature of 23 °
C. Oxy-thermal refugia at tracking locations were calculated using TDO3, and the summer
average was 17.3°C for the east side of the lake and 21.8°C for the west side. Muskellunge on
the west side of the lake were utilizing water temperatures at or below the TDO3 levels during
July and August based on their transmitter temperatures. In 2021 we used temperature-sensitive
transmitters and documented summer thermal habitat use to be 23.1 ° C and observed dense
clustering of Muskellunge in thermal refugia habitat. Thermal stress, which we measured with
cumulative degree days (CDD) over 25 ° C, has been increasing steadily since 2003. The
summer 95% minimum convex polygon (MCP) home range size averaged 30 ha in 2020
(SE=5.9) and 19 hectares (SE=2.9) in 2021. Muskellunge that were recaptured by anglers during
the summer period had on average 16-hectare larger home range sizes than non-angled fish.
Weekly distance moved did not differ significantly between seasons. Increased kernel density
estimates of Muskellunge during the summer period are likely by driven by oxy-thermal refugia.
This study provides managers with information on how the thermal regimes of a reservoir system
impacts catch and release mortality, home range, and movement of Muskellunge.
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Chapter 1: Introduction and Literature Review
Muskellunge (Esox masquinongy, Mitchill, 1824) are charismatic megafauna that has
become a highly sought-after species in North America, due to their large size and the
challenging angling opportunity they provide to freshwater anglers. Muskellunge share a similar
history to other sportfish in North America; overfishing, habitat perturbations, pollution, and
other factors caused widespread declines in their populations (Kapuscinski et al. 2007).
Increasingly strict regulations on harvest and pollution, in combination with stocking efforts,
have helped increase Muskellunge populations (Kapuscinski et al. 2007; Kerr 2011; Shaw et al.
2019). Anglers transitioned from a harvest-oriented fishery to a voluntary catch and release
fishery comprised of specialized Muskellunge anglers (Fayram 2003; Margenau and Petchenik
2004).
Muskellunge stocking not only facilitated the return of recreational fisheries to their
native waters but also expands fishing opportunities. Up to forty-six percent of all waters with
Muskellunge are a result of introductions (Kerr 2011). Muskellunge are commonly stocked in
reservoir environments and the majority are stocked as fingerlings (Kerr 2011), even though
research shows improved survival at the yearling stage (Margenau 1992, 1999). Stocking rates
are commonly based on adult (≥30 inches) density or catch-per-unit-effort goals (during fisheries
surveys). Adult densities are low compared to other sport fish species. For example, most
stocked populations in Iowa ranged between 0.03 and 0.55 fish/ha (Meerbeek 2014), while
southern rivers like the James River may experience higher densities of 0.5 – 4.69 fish/ha
(Bauerlien et al. 2021).
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Fisheries managers use various metrics to assess Muskellunge population size structure
such as proportional stock density (PSD). Proportional stock density addresses the length
distribution of Muskellunge population, PSD-Q, PSD-P, PSD-M, and PSD-T using

𝑃𝑆𝐷 − 𝑋 =

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑖𝑠ℎ ≥ 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑒𝑑 𝑙𝑒𝑛𝑔𝑡ℎ
× 100
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑖𝑠ℎ ≥ 𝑠𝑡𝑜𝑐𝑘 𝑙𝑒𝑛𝑔𝑡ℎ

(Neumann et al. 2012) (Q, P, M, and T following PSD stand for quality >760 mm, preferred
>970 mm, memorable >1070 mm, and trophy > 1270 mm, respectively). The most recent
management plan for Muskellunge in Missouri’s Hazel Creek Lake listed the objective as PSDQ between 95-100, PSD-P between 30-55, and PSD-M of 10-20 (Burdick and Fuller 2018). PSD
provides managers with a metric to compare regulation changes and their associated impacts on
the size of Muskellunge in their population. Size structure is very important as Muskellunge
populations are often managed for trophy fisheries.
Accurate age estimates for Muskellunge are necessary for understanding population
dynamics (recruitment, growth, and mortality). Estimates can come from a variety of hard
structures, traditionally the cleithrum was used (Casselman 1979), however, the cleithrum
requires euthanizing fish. A non-lethal method using fin rays was validated by Crane et al.
(2020), providing managers with an alternative to the traditional lethal method of estimating age
based on cleithral bone. An accurate non-lethal age estimate allows managers to obtain larger
sample sizes while having less of an effect on the Muskellunge population.
Fisheries managers are often interested in growth rates because growth rates are plastic
based on environment and biological characteristics. Growth is estimated by modeling mean
length at age using various functions such as logistic, exponential, polynomial (Ricker 1975), or
the most commonly used Von Bertalanffy growth function (Beverton and Holt 1957). Length at
2

age provides insight into the growth rates of individual fish. Brendon et al. (2007) found that
Muskellunge in the New River, VA exhibited some of the fastest growth for any Muskellunge
population with almost all Muskellunge exceeding 762 mm (30 inches) by age 3, and fish could
exceed 1016 mm (40 inches) by age 5. Brendon et al. (2007) speculated this fast growth could be
due to abundant forage and extended growing seasons experienced by Muskellunge in the New
River. In northern areas, Muskellunge grow slower and typically take 4-6 years to reach 762 mm
(30 inches) (Casselman et al. 1999). Although Muskellunge grow faster in their southern range
they have shorter life spans relative to their northern counterparts. Muskellunge in Ontario,
Minnesota, and Wisconsin, live to be 25+ years of age (Casselman et al. 1999; Frohnauer et al.
2007; Shaw et al. 2019; Crane et al. 2020), while southern populations tend to have shorter life
spans < 15 years (Brenden et al. 2007).
Muskellunge experience high rates of mortality during their juvenile stage (Hanson and
Margenau 1992; Owensby et al. 2017) while adult Muskellunge experience low natural mortality
rates, typical of large, long-lived fishes (Johnson and Margenau 1993; Weber and Weber 2021a).
Muskellunge in their northern range experience low natural and discard mortality of 4.9 ± 5.9%
(Shaw et al. 2019), as well as low annual mortality of 16 – 26 % for a trophy Muskellunge
fishery Casselman et al. (2017). Muskellunge in their southern range experienced 22% natural
mortality as estimated from a catch curve analysis, but using the Hightower et al. (2001) model it
expressed as annual instantaneous mortality of 5% (Brenden et al. 2007). Low natural mortality
makes even low levels of harvest and catch and release mortality important because mortality is
additive (Kerns et al. 2012). In addition to conservative seasons and harvest regulations put in
place by managers to protect Muskellunge populations and produce trophy individuals,
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Muskellunge anglers have become specialized and practice catch and release a majority of the
time (Fayram 2003; Margenau and Petchenik 2004; Sass and Shaw 2017).
The use of radio or acoustic telemetry has become commonplace in fisheries management
and allows for individual fish to be identified and tracked both spatially and temporally. Over
time, advances in technology have allowed for longer battery life, smaller transmitters, and
simultaneous collection of environmental variables (temperature, depth, acceleration). Telemetry
data can be gathered by active, manual tracking, or passive, stationary receivers. Transmitters
can be attached externally or internally depending on the goals and objectives of the research
(Crossin et al. 2017). Telemetry has been used to identify Muskellunge spawning habitat using
micro radio transmitters (Pierce et al. 2007), assess survival of catch and release individuals
(Landsman et al. 2011), identify habitat use and survival of juvenile stocked Muskellunge
(Hanson and Margenau 1992; Owensby et al. 2017), quantify movement and home range
(Dombeck 1979; Miller and Menzel 1986; Weeks and Hansen 2009) and identify realized
thermal niche (Cole and Bettoli 2014).
Temperature is a driving factor in the distribution, ecology, and physiology of fish
(Coutant 1987). Because Muskellunge are poikilothermic, the water temperature can impact
physiological processes. Thus, Muskellunge likely select water temperatures as habitat that
optimize those processes (Magnuson et al. 1979; Jobling 1981). Warmer air temperatures create
warmer water temperatures and impact stratification processes (Kraemer et al. 2017).
Muskellunge are cool-water species, and in their southern range, they can be subjected to
summer water temperatures exceeding 25°C for multiple months, posing an issue in the face of
climate change (Lee and Bergersen 1996; Cole and Bettoli 2014). Cole and Bettoli (2014) found
the realized thermal niche of Muskellunge to be 22.3 ± 1.8 ° C. Muskellunge's ideal summer
4

water temperature in southern reservoirs often occurs in the metalimnion or hypolimnion where
hypoxia can be present, restricting Muskellunge into warmer water to satisfy dissolved oxygen
requirements. Oxy-thermal “squeeze” was first described as the thermal niche dissolved oxygen
hypothesis by (Coutant 1985). Thermal stress can be measured using a variety of metrics such as
cumulative degree days (CDD)

𝑆𝑈𝑀(𝐶𝐷𝐷 = (

𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛
) − 𝑇𝑥 )
2

where Tmax and Tmin are the maxima and minimum daily ambient temperatures respectively,
and Tx is the temperature at which growth is nonlinear and effectively zero (Chezik et al. 2014).
Oxy-thermal stress can be measured by calculating the temperature at a specific dissolved
oxygen level, usually 3 mg/l (TDO3). TDO3 is calculated by extracting the lowest temperature in
the vertical profile at which the dissolved oxygen level is > 3 mg/l (Jacobson et al. 2010).
Thermal and oxy-thermal stress has been found to negatively impact catch and release survival
of Striped Bass (Morone saxatilis) (Bettinger et al. 2005; Rice et al. 2013), Lake Trout
(Salvelinus namaycush) (Lee and Bergersen 1996), and Bluegill (Lepomis macrochirus)
(Gingerich et al. 2007).
Overall, southern Muskellunge experience different environmental conditions than fish in
the north, and subsequently, there are differences in growth, mortality, and longevity based on
geographic location. While Muskellunge catch and release mortality has been found to be 0% in
Ontario (Landsman et al. 2011), Muskellunge in southern reservoirs experience much warmer
water temperatures (> 25 ° C) than those recorded by Landsman et al. (2011). Increased water
temperature increases stress response during angling events (Hoffman et al. 1996; Wilde et al.
2000a; Landsman et al. 2011), and other species exhibit increased catch and release mortality at
5

elevated water temperatures (Lee and Bergersen 1996; Wilde et al. 2000b; Gingerich et al.
2007). Factors such as water temperatures exceeding 25 ° C and hypoxia present below the
thermocline become additive and impact catch and release mortality of Muskellunge in their
southern range.
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Chapter 2. Quantifying Summer Muskellunge Mortality in a Southern Reservoir
Abstract
Research on Muskellunge (Esox masquinongy, Mitchill, 1824) catch-and-release
mortality has been historically focused on the Midwest, Great Lakes, and Ontario. In the
southern portion of their range, which we consider to be the portion of the species distribution
south of the Mason-Dixon Line (~40°N), Muskellunge may experience significantly warmer
temperatures than those in previous studies. Anglers have expressed concern about summer
catch-and-release mortality. As part of a broader study to quantify catch-and-release summer
mortality in the southern range of Muskellunge, we utilized radio telemetry and active tracking
to verify individual movement and survival of Muskellunge in Stonewall Jackson Lake, WV.
The lake has a 52-inch minimum size limit for Muskellunge, making it effectively catch-andrelease except for trophy-sized individuals. We tagged 45 Muskellunge in the spring of 2020 and
47 Muskellunge in the spring of 2021 with radio telemetry transmitters, PIT tags, and an external
dart tag for unique angler identification. Muskellunge were tracked weekly from June through
September and monthly in October, November, March, April, and May. GPS location and water
quality parameters were taken at each unique location. We collaborated closely with anglers and
Muskies, Inc. to promote cooperation in the study and to provide rewards to anglers catching and
reporting tagged fish. Our estimate of angling mortality was based on the survival of individuals
reported caught by anglers versus the survival of fish not reported caught and released. In 2020,
10 fish were caught by anglers when the temperatures exceeded 25o C, and the mortality of those
fish was 10 percent. In 2021, 19 fish were caught by anglers when temperatures exceeded 25o C,
and mortality was 10.5 percent. Twenty-six fish were caught during Spring, Fall, and Winter,
and survival was 100%. Individual growth model simulations were used to estimate the effect
that catch-and-release mortality has on trophy potential under different levels of mortality and
summer exploitation. Small differences, < 2 % difference in the proportion of the population
reaching memorably size, were seen at what we estimate are current values of summer catch and
release mortality (Cm = 0.1) and summer exploitation (Se = 0.15). Effects are more pronounced at
higher levels of catch and release mortality and exploitation (Se = 0.19; Cm = 0.3). A closed
summer season doubles the number of trophy individuals from 20 to 40 individuals (2 and 4% of
the 1000 age-1 individuals).
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Introduction
Muskellunge (Esox masquinongy, Mitchill, 1824) are charismatic megafauna that has
become a highly sought-after species in North America, due to their large size and the
challenging angling opportunity they provide to freshwater anglers. Muskellunge share a similar
history to other sportfish in North America: overfishing, habitat perturbations, pollution, and
other factors caused widespread declines in their populations (Kapuscinski et al. 2007). With
increased regulation of harvest and environmental effects in combination with stocking efforts
Muskellunge populations were revitalized (Kapuscinski et al. 2007; Kerr 2011; Shaw et al.
2019). This allowed for the transition from a harvest-oriented fishery to a voluntary catch and
release fishery comprised of specialized Muskellunge anglers (Fayram 2003; Margenau and
Petchenik 2004).
During warm summer water temperatures, anglers have reported the occurrence of
deceased Muskellunge that they attribute to increased thermal stress on fish caught and released.
Previous work has investigated catch and release angling mortality of Muskellunge in their
northern geographic range, the upper Midwest, Great Lakes- St. Lawrence River, and Ontario,
(Margenau 2007; Landsman et al. 2011; Sass et al. 2019). Landsman et al. (2011), did not
observe any mortalities of Muskellunge caught and released by specialized anglers in Ontario,
however, the majority of the fish were angled when water temperatures were near the species'
realized thermal niche (22.3 ± 1.8 °C, Cole and Bettoli 2014), and only one fish caught above
24.5 °C (S. Landsman, personal communication, re: Landsman et al. 2011). Landsman et al.’s
(2011) estimate of catch and release mortality may not be applicable to southern Muskellunge
populations (which we consider to be populations south of the Mason-Dixon Line; ~40°N),
which are subjected to higher water temperatures for most of the summer. It is important for
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fisheries managers to assess the population-level impact of catch and release mortality as it can
be a major contributor to total mortality in Muskellunge fisheries owing to their low natural
mortality and little to no harvest mortality (Kerns et al. 2012; Shaw et al. 2019).
In the southern portion of their distribution, Muskellunge are found primarily in rivers
and reservoirs. These two habitats differ markedly in summer temperature and dissolved oxygen
conditions. Rivers often experience elevated temperature without thermal stratification common
to dimictic reservoirs (Bauerlien 2022). Thus, thermal refuge may only be found in the vicinity
of cooler tributaries or ground water upwellings. However, due to their flowing nature rivers tend
to have adequate dissolved oxygen. In contrast, reservoirs may thermally stratify in summer
providing oxy-thermal refuge near the thermocline but often lack suitable dissolved oxygen
levels below. Thermal and oxygen stratification have been documented to have dramatic effects
on catch and release mortality (Lee and Bergersen 1996; Hoffman et al. 1996; Wilde 1998;
Wilde et al. 2000a). Lake Trout, Salvelinus namaycush, catch and release mortality was 11.7%
for fish when adequate dissolved oxygen (>3 mg/L) was found at thermal refugia (< 12 °C)
within the thermocline (Lee and Bergersen 1996). However, when thermal refuge lacked
adequate levels of dissolved oxygen (<3 mg/l), catch and release mortality of Lake Trout was
87.5% (Lee and Bergersen 1996). Other studies associated with determining catch and release
mortality of live release fishing tournaments found increases in delayed mortality with increases
in water temperature (Hoffman et al. 1996; Wilde 1998). Summer stratification with increased
surface temperature and hypoxia present below the thermocline is a common scenario for lakes
and reservoirs in the southern portion of Muskellunge’s range, including Stonewall Jackson
Lake, WV. Restricted oxy-thermal habitat may lead to increased stress and potentially increased
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mortality in southern reservoirs if the Muskellunge are forced into suboptimal locations due to
temperature and oxygen conditions.
Muskellunge in their southern range are subject to warmer water temperatures for longer
periods of time than their northern counterparts, and increased water temperatures are known to
cause increased catch and release mortality rates in other species (Munoeke and Childress 1994;
Cooke and Suski 2005; Gingerich et al. 2007). Yet the impact of catch and release mortality has
not been quantified for southern Muskellunge populations. Stonewall Jackson Lake, West
Virginia represents a classic southern flood control reservoir characterized by; flooded timber,
dimictic stratification, elevated summer water temperature, and a stocked Muskellunge
population. The objective of this study was to (1) estimate catch and release mortality for
Muskellunge in Stonewall Jackson Lake utilizing radio telemetry, (2) create a densityindependent population model to assess the population sensitivity to changes in stocking, catch
and release mortality rates and summer exploitation, (3) estimate the impact that additional
mortality associated with angling for Muskellunge during the warm-water period has on the
trophy potential.
Methods
Study Site
Stonewall Jackson Lake is a southern flood control reservoir on the West Fork River in
Lewis County, West Virginia, and was completed in 1990 (Figure 1). The lake is 1072 ha and is
surrounded by Stonewall Jackson Lake Wildlife Management Area, an extensive 7401 ha of
mixed hardwoods. The lake is characterized by standing (flooded) timber throughout most of the
coves. It supports warm water fisheries for Largemouth Bass (Micropterus salmoides), White
Crappie (Pomoxis annularis), Bluegill (Lepomis macrochirus), Yellow Perch (Perca flavescens),
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Walleye (Sander vitreus) and Muskellunge. Stonewall Jackson Lake follows water stratification
regimes of a dimictic lake, developing a thermocline from June into mid-September. Water
temperatures at a depth of 1 m below the surface exceed 24°C and even 30°C from June to
September (Figure 2). Hypoxia, defined as dissolved oxygen levels less than 3 mg/l, is present at
depths of 5 meters, and potentially resulting in a thermal-niche oxygen squeeze. The “summer”
period of interest for this study is defined as June through September based on our water
temperature data.
The West Virginia Division of Natural Resources began stocking Muskellunge in
Stonewall Jackson Lake in 2004. Starting in 2013 all stocked Muskellunge large enough (> 175
mm) received a passive integrated transponder (PIT) prior to stocking. Muskellunge have been
primarily stocked as advanced fingerlings, with a mean length of 263 mm (10.4 inches), in the
late fall. Stocking rates have varied from 126 to 458, with an average of 258 advanced
fingerlings stocked each year from 2013 to present. Stonewall Jackson Lake is managed as a
trophy Muskellunge fishery, it has a minimum length limit of 52 inches (1320 mm), and a daily
bag limit of one fish. In practice, this strict regulation makes the lake a catch and release fishery
except for a trophy-sized fish.

Field Sampling
All research activities were approved by the West Virginia University Institutional
Animal Care and Use Committee under protocol # 1910030520. Muskellunge for this study were
collected via boat electrofishing by the West Virginia Division of Natural Resources (WVDNR)
(Figure 3). Muskellunge were collected from staging and spawning areas in March, while water
temperatures were low (11 °C) which reduce stress, and increased electrofishing efficiency.
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Muskellunge were held in large live wells on each boat until stopping to conduct field
surgeries to implant transmitters. All fish were measured to the nearest mm (total length) and fish
were weighed to the nearest 0.02 kg. We excised the first five leading anal fin rays with wire
cutters as close to the body as possible and stored them in coin envelopes for air drying prior to
use for age estimation. Sex was determined at the time of tagging using urogenital morphology
(Lebeau and Pageau 1989), along with the presence of free-flowing milt or confirmation of eggs
when the incision was made for tagging.
Muskellunge were immobilized for field surgeries using low-powered nonplused DC (4
mA) electric fish handling gloves (Smithroot, Vancouver, Washington, USA). Electroimmobilization provides the benefit of rapid induction and recovery time as well as no chemical
withdrawal period, allowing for immediate release back into a wild system (Vandergoot et al.
2011; Faust et al. 2017; Ward et al. 2017). Water was pumped over the gills to continuously
irrigate them, supplying oxygen to the fish while immobilized inside a mesh cradle. All surgical
equipment and transmitters were sterilized in glutaraldehyde solution before each surgery session
and disinfected between surgeries using betadine solution (povidone-iodine). Each fish was
implanted with a radio telemetry transmitter in the coelom through a small incision on the ventral
side of the fish posterior to the pelvic girdle 1 cm off the midline of the fish. A total of 45 fish
were implanted with the F1850B transmitter (Advanced Telemetry Systems, Isanti, Minnesota,
USA; weight 27g; battery life 360 days) in March 2020, and an additional 47 fish in March
2021, 45 of which received temperature-sensitive transmitters (model F1850T, weight 26g,
battery life 1576 days) and 2 received F1850B transmitters. The transmitter was switched to the
F1850T in 2021 in order to allow transmitter temperature to be recorded for each tracking
location using the R4500 receiver. The F1850T was programmed to transmit temperature from
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20 – 40 degrees Celsius. Tag weight was <2 percent of the weight of all fish (Winter 1996). A
catheter (Excel Intravenous Catheter 14g x 1.25”) was used to create a hole for the external
antenna to exit the abdominal wall 1 cm posterior to the incision using a grooved director to
shield internal organs. The antenna of the radio telemetry tag was inserted through the catheter
needle and the catheter was removed. A simple interrupted pattern of partially dissolvable
monofilament sutures (Oasis PDO, Size 1, Needle: 36 mm ½ circle reverse cutting, length: 30
inches) was used to close the incision (Cooke et al. 2003, 2011; Wagner et al. 2011; Hühn et al.
2014). Muskellunge that did not already have a passive integrated transponder (PIT) tag
(Biomark, Inc, Boise, Idaho) were implanted with one in the upper dorsal musculature.
Additionally, we added a yellow external dart tag (Hallprint, Hindmarsh Valley, South Australia)
inserted into the left dorsal musculature just posterior to the dorsal fin, providing anglers with
external identification to report recaptures. The external dart tag had the unique individual tag
number, contact name with a phone number, and “DO NOT REMOVE” printed on it to inform
anglers. The total procedure from the onset of immobilization to return to the water took a
maximum of 7 minutes.

Angler Recapture Reporting
Informational flyers were posted at all lake access points, online via a website for the
project (muskymortality.weebly.com), social media platforms, and through the angling group
Muskies Inc., providing anglers with information on the project, along with angler recapture
reporting methodology. Anglers received a $50 US reward during the summer period and an
undefined reward for all other seasons for a tagged Muskellunge report. Due to the low catch
rates in the first portion of the study (June 2020) we organized targeted angling days with
Muskies Inc. We also utilized a local Muskellunge guide on the lake who was willing to target
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tagged individuals with a researcher present to record information for the project. We recorded
fight time, time in net, time out of the water (for length measurement and photograph), lure type,
hooking location, and transmitter temperature pre and post angling when present. Specialized
Muskellunge angling gear was used with stout rods, reels, and terminal tackle (7-9 ft heavy rods,
baitcasting reels, 27-45 kg braided line, monofilament, or steel leaders). Numerous artificial baits
with 1-9 barbed points were fished casting, jigging, or trolling.

Tracking Methodology
Fish were actively tracked with the equipment differing slightly between years due to the
change to temperature-sensitive transmitters in 2021. In 2020 tagged fish were manually tracked
using an R2000 telemetry receiver with a three-element yagi antenna (Advanced Telemetry
Systems, Isanti, Minnesota, USA). In 2021, we switched to an R4500 telemetry receiver to
accommodate the decoding of the radio tags to identify water temperature. We attempted to
locate all fish weekly during the summer period, (June–September) and monthly during October,
November, March, April, and May. Winter months were excluded due to weather and equipment
limitations. Tracking events were limited to daylight hours due to logistical constraints. During
tracking events, the entirety of the lake was searched by navigating within 200-300 meters of one
shoreline in a clockwise or counterclockwise manner. We did not use a defined search grid
because our in-situ measure of radio transmitter detection distance was greater than the
maximum width of the meandering reservoir. Using a similar study design to (Freund and
Hartman 2002) transmitter detection distance was estimated on March 20, 2021, at 615 meters at
a depth of 1 meter. All fish were located and mobile prior to the warm water season so we
assumed no tag loss, transmitter failure, or short-term tagging mortality.
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Once a transmitter was detected at full gain, we approached the fish reducing the gain
until the signal was barely noticeable, the antenna was removed, and only the exposed end of the
coaxial cable was used to pinpoint fish locations. Global position system (GPS; Garmin E-Trex;
Garmin International, Inc.; Olathe, KS, USA) coordinates were taken at each fish location. Water
temperature and dissolved oxygen profiles were also measured at 1meter depth intervals at each
location using a YSI PRO 10 (YSI Inc., Yellow Springs, Ohio, USA).

Estimating Mortality
Transmitter battery life restricted this study to catch and release impacts within a single
year. Transmitters implanted in 2020 were no longer active after May 2021, therefore
Muskellunge tagged in 2020 were only utilized for the 2020 field season. If Muskellunge tagged
in 2020 were caught and released during the 2021 season they were not counted towards the
mortality estimates in 2021.
Radio telemetry was used to estimate the natural and catch and release mortality of
tagged Muskellunge (Pollock and Pine 2007; Arlinghaus et al. 2009; Landsman et al. 2011). We
followed a modification of Hightower et al. (2001) methods for determining the mortality of
radio telemetered fish, similar to Kerns et al. (2016). A fish was deemed ‘dead’ if it was in the
same location during three successive surveys. We attempted to visually confirm the state of
each individual during tracking events by direct observation or use of a live scanning sonar
system (Garmin Panoptix LiveScope, Olathe, KS) because dead fish may continue to move
downstream or live fish may inhabit the same location (e.g., fallen tree) for extended periods of
time. We considered subsequent movement after designating a fish as “dead” as evidence of
survival. Given the large body size of Muskellunge that were tagged in this study, we are not
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concerned with the movement of tagged fish ingested by predators resulting in false
determinations that fish are alive. Natural mortality was estimated based on the number of
Muskellunge that died relative to those that survived for non-angled individuals. Catch and
release mortality was estimated based on the number of Muskellunge that died relative to those
that survived for angled individuals.
Natural mortality (M) and catch-and-release (Fcr) mortality for the summer season, as
well as all other seasons, were compared using a Fisher’s exact test (‘fisher.test’ in the r package
‘stats; R Core Team 2020) due to our small sample size. The Fisher’s test is a two-factor analysis
contrasting if a fish survived (1) or died (0) depending on the fish’s group: un-angled, summer
capture, all other season’s recapture.

Environmental Sampling
The water temperature most readily available to Muskellunge anglers is via the
transducer, often mounted within the first meter of the surface on the transom of their boat.
Several sources of temperature and dissolved oxygen data from throughout Stonewall Jackson
Lake were used to identify spatial and temporal patterns. The United States Army Corps of
Engineers (USACE) provided water temperature thermistor data in 3 feet (~1 meter) increments
from the surface to the bottom of Stonewall Jackson Lake near the dam from 2003 to present.
Additionally, we recorded water temperature using a handheld YSI unit at each Muskellunge
tracking location at 1-meter intervals from the surface to the bottom. Further, summer water
temperatures were measured every 10 minutes using temperature loggers (HOBO MX2201)
deployed at a depth of 1 m at five locations around Stonewall Jackson Lake from May through
October 2021. To evaluate for spatial differences, we compared mean monthly water temperature
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at 1 m across the five HOBO locations, USACE data, and Muskellunge location water
temperatures, using an analysis of variance (ANOVA). There was no statistical difference
between mean monthly 1 m water temperature, therefore we utilize USACE temperatures to
compare with our recapture data (dfb= 5, dfw = 30 , F = 0.22, p = 0.94).
To assess temporal trends in water temperature, we calculated cumulative degree days
(CDD)
𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛
) − 𝑇0 )
𝑆𝑈𝑀(𝐶𝐷𝐷 = (
2
where Tmax and Tmin are the maxima and minimum daily ambient temperatures
respectively, and T0 is set to the value where growth is zero (Chezik et al. 2014). For our
application, we modified CDD to be the total number of days in a given year that were above 25
°C (77 F). Booth (2022) identified 4–5-day cumulative daily temperatures above 25 °C as
significantly increasing the likelihood of catch and release mortality for adult Muskellunge.
Therefore, we used 25 °C as our Tmin for cumulative degree days in our analysis. Cumulative
degree days provide a measure of potential thermal stress experienced each year by Muskellunge
in Stonewall Jackson Lake. Linear regression was conducted to determine if there were any
patterns in CDD over time (Figure 4).
Ideal summer water temperatures for Muskellunge in southern reservoirs often occur in
the metalimnion or hypolimnion where hypoxia may be present. Oxy-thermal stress can be
measured using temperature at dissolved oxygen level usually 3 mg/l (TDO3). TDO3 is
calculated by extracting the temperature value at the dissolved oxygen level above 3 mg/l from
temperature and dissolved oxygen profiles (Jacobson et al. 2010).
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Population modeling
To inform our individual-based simulation models which assessed changes in abundance
and size structure we estimated population size and fit growth models with length at age data.
The individual-based simulation models provide managers with an assessment of potential
management actions under varying levels of summer catch and release mortality and exploitation
(e.g., summer season closure for Muskellunge on Stonewall Jackson Lake).

Fish Age Estimation
We used anal fin rays, excised during the tagging process, as a nonlethal age estimation
technique for Muskellunge in Stonewall Jackson Lake (Crane et al. 2020). We excised the first
five leading anal fin rays with wire cutters as close to the body as possible and stored them in
paper coin envelopes to air dry. Individual rays were excised and cleaned of membranous tissue
before being set in epoxy that had been dyed black (Alumilite, Galesburg, Michigan). We dyed
the epoxy black to prevent light refraction near the outer edge of the fin ray when viewing it
under the microscope. Once the epoxy was set, we cut a 0.6 mm section from as close to the
proximal end of the anal fin ray as possible with a low-speed isomet saw. Olympus SZX-10
Zoom Stereomicroscope (Olympus Corporation, Tokyo) equipped with an Olympus SZX2-ILLT
illumination stand and Olympus DP-27 camera were then used to obtain images for later
analysis.
We also fit sex-specific Von Bertalanffy growth models (function: ‘nls;’ Von Bertalanffy,
1938):
𝐿𝑡 = 𝐿∞ (1 − 𝑒 −𝑘(𝑡−𝑡0) )
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to length-at-age data from Muskellunge collected for this study and additional data
reported by anglers working the WVDNR. Age estimates were only utilized for Muskellunge
without known ages. Where Lt is the expected length at time t, L∞ is the asymptotic average
length, k is the Brody growth coefficient, and t0 represents the age at which the average length is
zero.

Population Estimate
A population estimate for the lake was completed using a simple closed design. We
implemented the Chapman modification of the Lincoln-Peterson estimator (‘mrClosed’ function
in the ‘FSA’ package)
̂𝑐 =
𝑁

(𝑀 + 1)(𝐶 + 1)
−1
𝑅+1

as a closed population model (Seber 1982; White and Burnham 1999; Ogle et al. 2022).
̂𝑐 is the population estimate, M is number of animals marked, C is the total number of
Where 𝑁
animals caught, and R is the number of animals recaptured that were previously marked. We
used the Chapman closed population estimate for both 2020 and 2021 radio-tagged individuals
that were still mobile and assumed to be alive. The WVDNR utilized four electrofishing boats
across four access points on April 8th, 2021, to collect Muskellunge for the recapture portion of
the population estimate. We employed multiple boats during the same day to estimate the
population more accurately and precisely by increasing sample size while avoiding the additional
assumptions and data requirements for an open population estimate. Analysis was completed
using the ‘mrClosed’ function in the ‘FSA’ package in R FSA.
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Density Independent Population Model
A density-independent population model was created using catch and release mortality
from this study and previously published literature to assess the population’s sensitivity to changes
in stocking rates and catch and release mortality. A density-independent model was used because
the carrying capacity of the population is unknown. The theoretical Muskellunge population starts
with the addition of 1986 age-0 fingerlings in the first year and is run for a total of 100 years.
Subsequently, the Muskellunge population numbers are reliant upon the number of individuals
that survived from the initial stocking (e.g., 1986*0.3 = 595 age 2) and the number of new age-1
stocked each year (e.g., stocking rate low = 278). The population was set with a 1:1 sex ratio of
males to females. The population was considered closed with no immigration or emigration. This
simple model has 4 stages, fingerlings, age-1, age-2, and age 3+. The model is broken down into
different stages because they experience different levels of total mortality. Fingerlings experience
high mortality rates (60-85 %) until they reach 1.5 years of age (Wagner et al. 2017). We assumed
age-1 Muskellunge are too small to be recruited to the fishery, therefore they are only subject to
natural mortality. We applied catch and release mortality to half of age-2 Muskellunge as they are
partially recruited to the fishery, in addition to natural mortality for all individuals. Finally, age3+ Muskellunge are fully recruited to the fishery and are impacted by harvest mortality, catch and
release mortality, and natural mortality. Catch and release mortality was set between 0.1 and 0.19
as determined by our radio telemetry study results. For all other times of the year, we fixed catch
and release morality at 0.05 percent. Muskellunge population life history and vital rates were
pulled from the primary literature while stocking rates, summer along with year-round catch and
release mortality, and exploitation rates were modified for each model scenario. Exploitation is
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defined as the number of individuals that are caught and released. Recruitment is impacted by age0 mortality and stocking rates.
Stocked age-0 fingerling mortality rate was obtained from Wagner et al. 2017 who
reported a range of juvenile mortality from 65- 80 percent. Natural reproductive rates of stocked
Muskellunge populations are low, especially in a flood control reservoir like Stonewall Jackson
Lake, therefore I assumed no natural reproduction for the model. Adult Muskellunge natural
mortality is low ranging from our estimate of 6 percent determined by radio telemetry in our
study to 18 percent (Weber and Weber 2021a). While legal harvest is highly unlikely in
Stonewall Jackson Lake given the 1320 mm (52 inches) minimum length limit, one radio-tagged
Muskellunge was illegally harvested during the duration of this study. Therefore, harvest was set
at 0–0.5 percent for our simulation. A random value was obtained from a uniform distribution for
each time period in the simulation for the following parameters: stocked age-0 fingerling
mortality rate, summer catch and release mortality, natural adult mortality, and harvest mortality,
in order to incorporate environmental stochasticity. For example, each year a single value of
fingerling mortality is drawn between 65 and 80 percent allowing for each of the 100 years to
have different fingerling mortality. Similarly, this was done for summer catch and release
mortality and adult natural mortality between 6 and 18 percent (e.g., 75 % fingerling mort, 12 %
summer C&R mort, 10 % adult mort), and those values are redrawn for each of the 100 years.
Stocking rates were modeled at two different scenarios; an average level of stocking (576
± 151) based on 2004-2021 WV DNR stocking records, and a reduced level of stocking (258 ±
54), based on 2013 – 2021 stocking records. Similarly, summer Muskellunge catch-and-release
exploitation was modeled under three separate scenarios, 0, 0.15, and 0.3 because true summer
exploitation rates are unknown for Stonewall Jackson Lake. Total annual exploitation was set at
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0.5 resulting in non-summer exploitation of 0.5, 0.35, and 0.2 to correspond to trophy potential
modeling simulation. With two changing parameters having two and three levels respectively, a
total of 6 modeling scenarios were addressed (Table 1). The model was parameterized in
STELLA software (High Performance Systems Inc., 2000), and a schematic of the model is
provided in Figure 5. Models were run for a total of 100 years. Each scenario was iterated 100
times. Iterations were used to estimate a mean and standard error from the model’s final
population abundance after 100 years.

Impact on Trophy Potential
To identify the impact that summer catch and release mortality and exploitation has on
the trophy potential of Muskellunge as well as determine whether a closed warm-water season
regulation change would result in increased length potential for the fishery we utilized
individual-based growth model simulations which rely on growth and mortality. Exploitation is
defined as the number of Muskellunge subject to catch and release angling, rather than the
traditional definition of harvest. We used a simulation approach adapted from Bauerlein (2022)
who investigated the effect of catch and release mortality and the potential benefit of a closed
summer season on the size structure of Muskellunge in the James River. Our inputs were
summer catch and release mortality and summer exploitation both set at three levels (i.e., low,
medium, high) resulting in 9 model scenarios.
Each iteration starts with 1000 age-1 individuals. Those individuals were split evenly
between sexes, due to sexual dimorphic growth rates. Once each of the 1000 age-1 individuals
was assigned a sex, a unique set of sex-specific von Bertalanffy growth parameters were
generated. The growth coefficient, K, was drawn from a normal distribution for each individual.
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Linear regression was used to predict L∞ and t0 from the randomly drawn K. Associated random
error was added to the parameter estimates based on the normal distribution of the residual error
from the linear model.
After each individual was assigned its set of growth parameters, they were allowed to
grow for a maximum of 20 years while being exposed to mortality at each age. We allowed
individuals in the simulation to grow for up to 20 years (although no fish were aged 16) to allow
for slightly older fish not captured in our sampling. We assumed mortality consisted of three
sources: natural mortality (N), summer catch and release mortality (Cm), and non-summer catch
and release mortality (Cr). There is no closed season for Muskellunge angling on Stonewall
Jackson Lake, with anglers allowed to harvest one fish over 1320 mm per day. Harvest mortality
was considered negligible due to this restrictive minimum length limit. We averaged the natural
mortality estimate from our study at 6 % with Weber and Weber (2021) estimate of 18 % for an
Iowa lake to get annual natural mortality (N) estimate of 12 %.
Estimates of summer catch and release mortality (Cm) are determined by two parameters:
summer catch and release exploitation rates (Se), and the probability of post-release mortality of
those fish caught during the summer period (Sm). There are no formal estimates of summer catch
and release exploitation on Stonewall Jackson Lake. We varied our estimate of summer catch
and release exploitation at three levels, low, medium, and high (0.0, 0.15, and 0.3 respectively).
Summer catch and release mortality rates determined by this study were modeled at three levels:
low (10%) moderate (14.5%) and high (19%). Our estimate of catch and release mortality was
10.25% but if we count the deaths of all Muskellunge including those classified as natural
mortalities (died but not reported as angled) it increased to 19 %. We assume that the proportion
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of mortality in the population is equal to the product of these parameters which is converted to an
instantaneous rate:
𝐶𝑚 = − ln(1 − (𝑆𝑒 𝑆𝑚 ))
We follow a similar method to obtain an estimate of non-summer catch and release, Cr,
for each simulation run. To do this we remove summer catch and release exploitation from the
total annual exploitation (Te) which is set at 0.5:
𝑅𝑒 = 𝑇𝑒 − 𝑆𝑒
where Re is the non-summer exploitation rate. Total annual exploitation was set at an
estimated level of 50 %. Because true exploitation is unknown we used Muskies Inc Lunge Log
catch records and our closed population estimate to create conservative estimates of Muskellunge
exploitation (“Muskies Inc Lunge Log Inquiries” 2022) and added an additional 20% for nonMuskies Inc reported catches. We set post-release mortality for the rest of the year, Rm = 0.05
based on suggestions by Landsman et al. (2011) and Hessenauer et al (2021). Finally, we
estimate Cr as:
𝐶𝑟 = − ln(1 − (𝑅𝑒 𝑅𝑚 ))
We included summer catch and release levels of 0 to evaluate length potential when all
total annual exploitation occurs outside of the warm water period. To evaluate a summer season
closure, we change catch and release mortality, from Cm = 0.15 to Cm = 0.0, while still removing
the summer exploitation from the non-summer exploitation (i.e., Cr – Cm = 0.35).
We then combined our instantaneous catch and release mortality rates to obtain the
overall instantaneous mortality rate:
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𝑂𝑚 = 𝐶𝑚 + 𝐶𝑟
We did not remove natural mortality from catch and release mortality because mortality
occurred over a short period post-release, and it is unlikely that natural mortality would have
occurred such a short time post-release. Our overall instantaneous mortality rates are then
applied to age-specific selectivity constants (St) because Muskellunge are not fully recruited to
the recreational fishery until age-3. Natural mortality (N) is then added to get an age-specific
estimate of total instantaneous mortality (Zt):
𝑍𝑡 = 𝑂𝑚 𝑆𝑡 + 𝑁
We assumed that age-1 individuals were not able to be caught due to their small size,
50% of age-2 individuals were vulnerable to angling, and all age-3+ individuals were fully
recruited to the fishery.
Age-specific total instantaneous mortality was applied and the fish’s total length at the
time of “death” was used to evaluate trophy potential. We defined trophy fish based on three size
classes ≥1020 mm (40 inches), ≥1140 mm (45 inches), and ≥1270 mm (50 inches) as
“preferred”, “memorable”, and “trophy” size classes (Faust et al. 2015; Bauerlien 2022). Once a
simulation was completed, the proportion of 1000 simulated age 1 releases that reached the three
previously defined size classes at the time of “death” was used to estimate trophy potential. A
total of 1000 simulations were run under each of the 18 separate scenarios of summer catch and
release mortality (Cm), non-summer catch and release mortality (Cr), and closed/open summer
season. For each model iteration, we obtained mean and standard errors for the proportion of
1000 age-1 individuals that reached their respective size class.
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Results
Tagging
Forty-five Muskellunge were tagged in 2020 at 5 different locations throughout
Stonewall Jackson Lake. Of the 45 Muskellunge tagged 17 were females and 28 were males. An
additional 47 Muskellunge were tagged in 2021; 18 were females and 27 were males and 2 were
unidentified. Muskellunge ranged from 738–1296 mm TL and 2.94 kg to 18.2 kg wet weight. A
length frequency histogram was used to visualize the size range of the tagged individuals in this
study (Figure 6). Our 92 radio-tagged Muskellunge had an average relative weight of 96, ranging
from 60 to 130. Muskellunge's current population size structure provides evidence of the righttailed size distribution in this Muskellunge population PSDQ of 98, PSDP of 41, PSDM of 24, and
PSDT was 3 (Table 2).

Tracking
In 2020, Muskellunge were tracked from 6 April through 5 November, with 708 of the 940
individual locations occurring during the summer. In 2021, Muskellunge were tracked from March
3 through November 5 with 750 or the 959 individual locations occurring during summer. An
average of 43 muskellunge were found during each tracking period.

Mortality
Anglers reported a total of 27 recaptures in 2020 and 37 recaptures in 2021 across all
seasons, with all fish being caught on artificial lures. Anglers were unable to provide dart tag
numbers for a total of 4 recapture events: two recapture reports in 2020, one during the spring
and one during the fall as well as 2 in 2021 one in the spring and one during September. During
the summer season, June - August anglers reported 10 recaptures in 2020 and 19 in 2021. One of
ten fish angled during the summer died in 2020 and two of 19 fish angled in the summer died in
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2021 when water temperatures ranged from 24.9 - 30.4 ° C. All but two summer recaptures
occurred above 26 C (78.8 F) with an average temperature of 27.8°C (82 °F) (Table 3). All catch
and release mortality occurred during the summer and when water temperatures were >25 º C.
Similarly, natural mortality was only observed in the summer (two of the 27 un-angled fish died
in 2020 and 1 of the 20 in 2021). Natural mortality as determined by the number of deceased
Muskellunge that were not reported as angled, was between 5 – 7.4 %, in 2021 all during the
summer period. One illegal harvest mortality was observed in 2021, an individual angler was
caught having harvested a Muskellunge tagged in 2020 that was under the 52-inch minimum
length limit. Summer catch-and-release mortality (10.25 %) and natural mortality (6.2 %) did not
differ (Fisher’s exact test, p = 0.39). However, summer catch and release mortality (10.25 %)
was greater compared to all other seasons (0 %) catch and release mortality (Fisher’s exact test, p
= 0.036).
The only Muskellunge that died after catch and release in 2020, engulfed the bait and was
bleeding from the gills. Once released, the fish struggled to recover but maintained equilibrium.
The fish dove for a short time (<3 minutes) before returning to the surface and was deceased
within 30 minutes of release. One of the fish that died in 2021 after a catch and release angling
event was caught by a panfish angler who had a prolonged fight > 10 minutes and was bank
fishing without an adequate Muskellunge net. The final muskellunge that died in 2021 after catch
and release was a large, 1251 mm (50 inches) female, caught on a double treble hook bucktail.
Fight time (<2 minutes), dehooking time (<1.5 minutes), and air exposure (<0.5 minutes) were
typical for a fish of this size. However, upon unhooking the Muskellunge exhibited reddening of
the fins, and upon release struggled to maintain equilibrium and took 8 minutes to dive down.
That muskellunge was recovered dead 12 days later.
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This study documented individual Muskellunge that were recaptured by anglers two or
three times over the course of a year. In 2020 individual number 6 was caught 3 separate times in
May, November, and December, while tag number 52 was caught two times: once in April and
once in August. In 2021 two individuals (30 and 23), were caught by anglers once in July and
once in August and both survived being captured twice in warm water temperatures. Tag number
24 was caught twice, once in March and once in June.

Environmental Variables
All tagged Muskellunge recaptures were plotted with the corresponding angling location
water temperature over USACE 1 meter water temperature data (Figure 7). In 2021 we
collaborated with cooperative anglers, and we were able to be present for 8 of the 19 summer
angler recaptures. This allowed us to gather data prior to angling, during, and immediately post
angling (e.g., fight time, unhooking time, time out of the water, transmitter temperatures,
release). We were also able to determine transmitter temperatures from 8 of the 19 summer
recaptures, and temperatures averaged 22.9°C (73.9 F). Transmitter temperatures increased an
average of 0.6°C five minutes post-release. All Muskellunge summer tracking locations averaged
23.1 ° C.

Age and Growth Estimation
A total of 79 Muskellunge anal fin rays were processed to provide age estimates. Age
estimates varied from 3 to 18 years with a mean of 8 years. Forty-three of the radio-tagged
Muskellunge were known age because those stocked after 2013 received PIT tags. We used an
additional 89 Muskellunge that were recaptured by anglers with Biomark PIT tag readers
provided by the WV DNR, to supplement our length at age data for the von Bertalanffy growth
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model. Female Muskellunge growth parameters, k = 0.18 , L∞ = 1265, and t0 = -2.58. Male
growth parameters, k = 0.47 , L∞ = 1001, and t0 = -0.49 (Figure 8).

Population Estimation
The Stonewall Jackson Muskellunge population estimate obtained using the Chapman
modification was 925 ( 411- 2213) individuals over 760 mm total length. Over the recapture
period, we caught 55 Muskellunge, of which 4 had a radio tag. The adult, over 760 mm,
Muskellunge density in Stonewall Jackson Lake is about 0.86 individuals per hectare (0.35
surface acre).

Density Independent Population Model
The theoretical Muskellunge population sensitivity analysis shows that under what we
consider the current status (stocking = 200, catch and release exploitation = 30 %, and catch and
release mortality 10%) the 1000 individual population drops to 800 individuals (Figure 9). Even
with doubling stocking numbers, the relationship between increased catch and release
exploitation remains similar with decreasing numbers present in the population. The population
model where stocking is stopped shows how increased exploitation causes the population to go
extinct at a faster rate.

Impact on Trophy Potential
The proportion of 1000 age-1 individuals reaching preferred, memorable, and trophy
lengths at the time of “death” varied depending on summer catch and release mortality, nonsummer catch and release mortality, and simulated regulations (i.e., open vs. closed summer
season). Scenarios 1-3, with no summer catch and release exploitation (Se) have the same levels
of trophy potential with 22 % of 1000 age-1 individuals reaching preferred size, 11 % reaching
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the memorable size, and 3 % reaching trophy size regardless of summer season closure (Figure
10). Scenarios 4, 5, 6 with summer catch and release exploitation (Cm = 0.15) a closed summer
season only results in an increase of 3 % difference reaching the preferred 3 % memorable, and 1
% in trophy size individuals at the highest level of summer post-release mortality (Sm = 0.19).
However, for scenarios 7, 8, 9 with summer catch and release mortality at its highest level (Cm =
0.3) a closed summer season results in an increase of 5 % preferred, 5% memorable, and 2 %
trophy individuals at the highest level of summer post-release mortality (Sm = 0.19). While these
changes seem to be small, if you are managing for trophy size individuals under the higher
summer exploitation and catch and release mortality levels a closed summer season doubles the
number of trophy individuals from 20 to 40 individuals (2 and 4% of the 1000 age-1
individuals).
Discussion
We utilized radio telemetry to monitor adult Muskellunge, providing estimates of catch
and release and natural mortality rates in a southern reservoir. Muskellunge catch and release
mortality in Stonewall Jackson Lake for Spring, Fall, and Winter was 0 %, similar to previous
studies. Landsman et al. (2011), reported 0 % in eastern Ontario Rivers, while Frohnauer et al.
(2007) reported 4.1 % catch and release mortality in Shoepack Lake Minnesota. Muskellunge
caught and released in summer in Stonewall Jackson Lake exhibited increased mortality
compared to other seasons. There are two potential environmental factors driving the elevated
catch and release mortality in summer: increased water temperatures and decreased dissolved
oxygen levels (especially below the thermocline resulting in oxy-thermal stress). However, due
to the low sample size (N=3) of deceased Muskellunge in our study, it was not statistically
possible to address which factors were influencing the summer catch and release mortality of
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Muskellunge in Stonewall Jackson Lake. However, these data do provide evidence of seasonal
catch and release mortality differences.
Two concurrent studies investigating warm-water catch and release mortality of
Muskellunge- one in the James River, VA, and one in hatchery ponds throughout various states
(Wisconsin, West Virginia, Virginia, North Carolina, Maryland) observed lower catch rates
during the warm-water period with a much higher mortality rate (32-33%) (Bauerlien 2022;
Booth 2022) than observed in our study. Increased catch rates and decreased mortality rates are
likely a result of oxy-thermal refuge available to Muskellunge in Stonewall Jackson Lake as
compared to the other two study locations.
Multiple studies have shown that increased water temperature results in increased
sublethal physiological impairments and increased catch and release mortality rates (Meals and
Miranda 1994; Wilkie et al. 1997; Bettinger et al. 2005; Thompson et al. 2008; Arlinghaus
2017). Surface water temperatures exceeded 26°C (79 F) from June through September in
Stonewall Jackson Lake with maximum temperatures exceeding 32°C (90 F). Surface water
temperatures are easy to measure and readily available to anglers via their sonar units; however,
Muskellunge have the ability to move down in the water column to cooler water often present in
deeper impoundments. This is apparent when examining the transmitter temperatures averaging
22.9°C (73 F) for the 9 Muskellunge angling events we were present for in 2021 and an average
of 23.1°C for all Muskellunge over the entire summer period. Muskellunge angled during the
summer period were always inhabiting cooler water than surface water temperatures. Most of the
angled fish survived being brought up from cooler water during the fight into warm surface
water.
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Temperature is not the only environmental variable that is crucial to the Muskellunge
habitat. Dissolved oxygen can often become a limiting variable, especially below the thermocline
in dimictic reservoirs during the summer (Coutant 1985; Lee and Bergersen 1996; Rice et al.
2013). The concept of oxy-thermal refugia is the balancing act of selecting the ideal water
temperature with adequate dissolved oxygen levels. Fisheries managers have created metrics to
quantify oxy-thermal stress, typically the lowest temperature with a dissolved oxygen level of at
least 3 mg/l (TDO3). Stonewall Jackson Lake has summer oxy-thermal refugia available to
Muskellunge with TDO3 nearing the top end of Muskellunge realized thermal niche 22.3 ± 1.8
°C with temperatures of 25 °C during September on the east side of the lake while it exceeded >
22°C in July, August and September in the West side of the lake.
Muskellunge in Stonewall Jackson Lake exhibited similar growth rates similar to other
southern populations such as New River (Brenden et al. 2007), reaching an average of 811 mm
by age 3 and 944 mm by age 5. The overall high growth rate of Muskellunge in Stonewall
Jackson Lake creates a high potential for trophy size Muskellunge (>1270 mm or 50 inches). Our
trophy potential simulations suggest that a closed warm water season for Muskellunge would
have little to no impact on the trophy potential of Stonewall Jackson Lake under what we assume
are the current levels of summer exploitation and catch and release mortality (i.e., Se = 0.15; Cm
= 0.1). Faust and Hansen (2016) found northern Wisconsin population with a 102 cm minimum
length limit, exposed to harvest and spearing mortality, resulting in a decrease in trophy
potential. We found similar results with increased summer catch and release mortality and
exploitation trophy potential is impacted to a higher degree.
This is reliant on the assumptions of our model being true such as the natural mortality,
the exploitation level (catch and release) being set at 0.5 during the remainder of the year, and
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our length at age data being representative of the population. Our sample of female Muskellunge
in the trophy size range was limited, but Muskellunge >1320 mm (52 inches) have been captured
during electrofishing surveys (J Walker, personal communication). Small differences in trophy
potential occur when summer exploitation and summer catch and release mortality are increased.
Therefore, because catch-and-release and harvest exploitation have not been quantified at
Stonewall Jackson Lake, managers should seek to estimate these rates to better understand any
potential effects of catch-and-release mortality on the Stonewall Jackson Muskellunge
population. In order to apply these results to other systems will require knowledge of
exploitation rates and oxy-thermal habitats available to sustainably manage Muskellunge
populations.
The theoretical density-independent Muskellunge population analysis should be used as a
visualization tool to see the relationship between changes in stocking rates and exploitation. Our
model relies heavily on data from the primary literature and these values may not be
representative of actual values for our study lake. The theoretical population model under the
high exploitation rate results in a population decline because the elevated summer catch and
release mortality rate is being applied to more fish, thus increasing total annual mortality. Our
use of a density-independent model means that increased numbers of Muskellunge in the
population will not result in density-dependent effects such as decreased growth or high
mortality.
Previous research found that cool water fish species may use short excursions to
unfavorably warm water temperatures to optimize thermoregulation while exploiting forage
resources in an otherwise unfavorable environment (Pépino et al. 2015). Muskellunge angled
during the summer in Stonewall Jackson Lake may survive being brought up to warm surface
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waters because they are able to descend to oxy-thermal refugia within 5 minutes to recover.
Previous research conducted by Bettoli and Osborn (1998) documented increased summer catch
and release mortality of Striped Bass (Morone saxatilis) in Tennessee and found that individuals
captured did not descend back to the metalimnion (6-7 meters deep) for several hours. They
hypothesized because Striped Bass are physoclistous, the increased and additive effects of
hooking, handling, and warm water temperatures may increase the time needed to repressurize
their gas bladders. Muskellunge are physostomous, and thus are able to more quickly regulate
their swim bladder compared to a physoclistous fish like Striped Bass. This difference in
physiology could reduce the impact of catch and release at depth for Muskellunge summer catch
and release events. While a majority of the Muskellunge in this study were able to quickly
regulate their swim bladder, several non-radio-tagged Muskellunge were observed struggling to
maintain equilibrium after recapture from depth (~5 meters) during the summer period and
remained on the surface for over 20 minutes. The inability to quickly regulate their swim bladder
increases their exposure to warm surface waters, which combined with the additive effects of
hooking, angling, and handling will likely increase catch and release mortality.
While the oxy-thermal stress differed spatially between the east and west sides of our
lake, the summer catch and release mortality does not reflect this difference. This could be due to
our small sample size with only 8 of the 29 summer angled Muskellunge being caught on the
west side of the lake, one of which died. This is likely a combination of angling effort and
Muskellunge behavior. Most anglers target the eastern arm of the lake during the summer period.
Muskellunge on the warmer western side of the lake may be self-regulating, decreasing feeding
and movement during this stressful summertime period. In the James River, Virginia, Bauerlien
(2022) observed decreased activity of Muskellunge in thermal refugia during the summer period.
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Similarly, Booth (2022) found a four-fold decrease in angling CPUE for adult Muskellunge at
temperatures above 26°C in hatchery ponds. We targeted Muskellunge on the western side of
Stonewall Jackson Lake in summer and observed decreased contact (follows, strikes, captures)
relative to the eastern side, with most occurrences coming during the morning, evenings, or after
large storm events that cooled the water down 1-2 ° C.
Misclassification of mortality status is a potential concern in tag return studies. Fish that
are caught and released that subsequently die but are never reported as caught are classified as
natural deaths. Our “natural” mortalities could potentially be non-reported summer caught and
released individuals, if we assume that is the case catch and release mortality would increase to
19 percent. To encourage reporting we offered a high reward ($50 US) (Pollock et al. 2001)
during the summer period. Additionally, we collaborated closely with angler groups like Muskies
Inc., which had a total of 300 Muskellunge reported on their online Lunge Log for Stonewall
Jackson Lake in 2020 alone. It would be highly unlikely that no fish died of natural mortality
during the year-long time period given published natural mortalities rates (12-18%) of other
Muskellunge populations, so we do not think we misclassified all of our natural mortalities. It is
interesting that all Muskellunge mortalities observed during this study occurred during the
summer. We also observed 100% survival between tagging in March and the onset of summer
temperatures in June, suggesting that post-spawning mortality in this lake is negligible.
Therefore, in this lake, it appears that summer-related stress accounts for nearly all annual
mortality among adult Muskellunge. This bears consideration since the USACE temperature data
show considerable warming of CDD > 25°C since 2003.
Angler effort is currently unknown but anecdotal evidence (a Muskellunge guide based
on the lake, news articles published on this study, and increased social media posts on Stonewall
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Jackson Lake Muskellunge angling) suggests an increasing trend. With increasing popularity in
Muskellunge fishing, increased angler effort even under catch and release regulations will result
in a higher exploitation rate and can negatively affect the population size structure even without
considering the threat of a warming climate. Combining increased exploitation with increasing
thermal stress caused by a warming lake (demonstrated in the USACE historical temperature
profiles) will increase total mortality in Stonewall Jackson Lake. Such increases are likely to
impact trophy potential and thus, should be of concern to managers on lakes such as Stonewall
Jackson and other Muskellunge fisheries managed for trophy potential.
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Tables and Figures
Table 1. Density independent population model scenarios for a theoretical Muskellunge
population. Stocking rates vary either on average from 2004 to 2021, 576, or the lower average
from 2013-2021, 278. Summer exploitation rates were set at 0, 0.15, 0.3 low, medium, and high
respectively.
Stocking rate

Summer exploitation

Test

Non-summer exploitation rate
mean ± SE

rate

1

576 ± 151

0

0.5

2

576 ± 151

0.15

0.35

3

576 ± 151

0.3

0.2

4

278 ± 78

0

0.5

0.15

0.35

0.3

0.2

5
6

278 ± 78
278 ± 78
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Table 2. Proportion stock density, PSD, of the 92 adult Muskellunge collected for the telemetry
study in Stonewall Jackson Lake 2020-2021.
PSD mm

PSD Value

95 % UCI

Quality PSD 760

97.8

92.4 – 99.7

Preferred PSD 970

41.3

31.1 – 52.0

Memorable PSD 1070

23.9

15.6 – 33.9

Trophy PSD 1270

3.3

0.68 – 9.3
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Table 3. Summer catch and release angling recapture event dates, tag number, surface water
temperature, total length, mortality (survived=0, died = 1), and transmitter temperatures, from
the 92 radio and dart tagged Muskellunge in Stonewall Jackson Lake.
Surface water temperature
(ºC)

Total Length (mm)

Mortality

6/26/2020 100

26.6

1074

0

6/25/2020 96

26.2

1248

0

7/12/2020 98

29.6

1271

0

7/12/2020 94

29.6

1116

1

7/18/2020 145

30.4

791

0

8/1/2020

52

27.5

860

0

8/1/2020

53

27.8

1026

0

8/11/2020 59

28

940

0

9/5/2020

26

966

0

9/13/2020 58

26.5

938

0

6/5/2021

24.9

906

0

6/13/2021 142

25

1212

1

6/30/2021 12

28.3

1146

0

6/30/2021 164

29.1

970

0

6/30/2021 160

28.9

941

0

6/30/2021 24

28.8

1040

0

7/2/2021
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Figure 1. Map of the study site, Stonewall Jackson Lake in Lewis County West Virginia
(indicated by the dark blue).
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Figure 2. Water temperature, °C, in Stonewall Jackson Lake, WV during 2020 at 1 meter (3
feet) below the surface (solid black line) and 6 meters (20 feet) below the surface (dashed line)
shows cooler waters are present at depth.
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Figure 3. Map of Stonewall Jackson Lake showing locations where Muskellunge were radiotagged and released in March 2020 (black triangles) as well as March 2021 (green circles). Water
temperature logger locations labeled on adjacent land: Jacksonville (J), State Park (S), Wolf Fork
(W), Little Skin Creek (L), Vandalia (V), and Hog Hollow (H). USACE dam water temperature
location (U).
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Figure 4. Cumulative degree days were calculated by
𝑇𝑚𝑎𝑥−𝑇𝑚𝑖𝑛

𝐶𝐷𝐷 = 𝑆𝑈𝑀((

2

) − 25 ° 𝐶 )

for each year at thermistor depth (surface, 3, 6, 9, 12

feet deep) through time from 2004 to 2021. The positive trend indicates increasing thermal stress
over time. This relationship is important for managers to consider as the Muskellunge population
may be subjected to higher levels of thermal stress if this pattern continues.
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Figure 5. Stella model of parameters included in theoretical density-independent Muskellunge
population model. Fingerling survival is based on 20-45 percent survival. Age-1 survival is
dependent on natural mortality rates. Age-2 survival is impacted by half the age-2 individuals
being subject to catch and release mortality as well as natural mortality. Annual survival for
adults is impacted by three factors; catch and release mortality which is calculated by
multiplying the exploitation rate and the catch and release mortality rate, harvest mortality, and
natural adult mortality. Recruitment is impacted by the stocking rate and the natural mortality of
stocked fingerling Muskellunge.
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Figure 6. Length frequency distribution of 92 Muskellunge collected in March 2020 and 2021
for radio transmitter implantation in Stonewall Jackson Lake, WV.
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One Meter Water Temperature C
Figure 7. One meter water temperatures (°C) from United State Army Corps of Engineers data
for each angler recapture of a tagged Muskellunge in Stonewall Jackson Lake for 2020 and 2021,
respectively. Black circles indicated survival and black bounding boxes over x indicate
mortalities.
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Figure 8. Von Bertalanffy growth models for male, n = 166 and female n = 166, Muskellunge in
Stonewall Jackson Lake, WV. Length at age data was collected during 2020 and 2021
electrofishing surveys and from angler recapture reports of passive integrated transponder tagged
Muskellunge. Female Muskellunge growth parameters, k = 0.18 , L∞ = 1265, and t0 = -2.58. Male
growth parameters, k = 0.47 , L∞ = 1001, and t0 = -0.49
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Figure 9. Mean proportion of age-1 individuals that reached their respective size classes at
“death”, preferred, memorable, and trophy ( in mm here) with an open summer season depicted
by grey boxes, compared to closed season depicted by black boxes. Summer post-release
mortality, Rm, rates varied by scenario: 1, 4, 7 are subject to low Rm = 0.1, while 2, 5, 8 are
subject to medium Rm = 0.145, and finally 3, 6, 9 are subject to high Rm = 0.19. Summer catch
and release exploitation, Se, varied by groups of scenario: for scenarios 1, 2, 3 Se was set at 0,
while in scenarios 4, 5, 6 Se was set at 0.15 and finally, scenarios 7, 8, 9 Se was set at 0.3.
Scenarios 4-9 follow similar trends with decreasing proportion of simulated age-1 individuals
reaching their respective size classes.
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Figure 10. Theoretical Muskellunge population model with varying levels of exploitation and
stocking levels. Test 1 - 3 represent stocking from 2004 to 2021, 576, while 4 - 6 represent
reduced stocking levels from 2013 to 2021, 278. All tests experience the same level of catch and
release mortality (10 – 19 %). For each of the stocking scenarios from right to left, test 1,2,3
experiences increasing summer exploitations rates from left to right (0, 0.15, 0.3 respectively).
See Table 1 for each model’s corresponding values.
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Chapter 3. Muskellunge Home Range and Habitat Use in a Southern Reservoir: Implications for
a Changing Climate

Abstract
Muskellunge, (Esox masquinongy, Mitchill, 1824), home range, and oxy-thermal habitat
use was identified for a southern reservoir, Stonewall Jackson Lake, WV using radio telemetry
and active tracking. Overall thermal stress, which we measured with cumulative degree days
(CDD over 25 ° C) has been increasing steadily since 2003. Summer surface water temperatures
averaged 27.5°C in 2020 and 26.5°C in 2021 for Muskellunge tracking locations, with maximum
surface water temperatures reaching 32 ° C. Muskellunge were able to access thermal refugia
near the thermocline and had an average transmitter temperature of 23 ° C. Oxy-thermal refugia
was calculated using TDO3, the summer average was 17.3°C for the east side of the lake and
21.8°C for the west side. Muskellunge on the west side of the lake were utilizing water
temperatures at or below the TDO3 levels during July and August. The summer 95% minimum
convex polygon (MCP) home range size averaged 30 hectares in summer 2020 (SE 5.9) and
averaged 19 hectares (SE 2.9) in 2021. Radio-tagged Muskellunge that were caught by anglers
during summer had on average a 16 ha larger home range size. Weekly distance (m/wk) did not
change significantly during the summer period, 1374 ± 2463, compared to the spring, 594 ±
918, and fall, 210 ± 21.9. Kernel density estimates showed increased densities of Muskellunge
during the summer period, likely utilizing the best oxy-thermal refugia areas. Monitoring oxythermal refugia is vital for Muskellunge management in their southern range.
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Introduction
Fish movement and subsequently habitat use is restricted by physical limitations or the
physical extent of the environment. Seasonal movements are common, especially during the
spawning season (Vehanen et al. 2006; Morrison and Warren 2015). Habitat quantity, quality,
and diversity can impact movement and subsequently home range. Telemetry has been used in
freshwater fisheries since the 1950s (Trefethen 1956) and has been used to identify fish
movement and habitat use. Transmitters can also have specialized sensors, the most common
being a temperature-sensitive transmitter (Cole and Bettoli 2014; Southern et al. 2015).
Temperature is important for bioenergetics (Hartman 2017) and identifying thermal habitat (Cole
and Bettoli 2014; Southern et al. 2015). Temperature-sensitive radio transmitters have been used
to identify thermal stratification impacts on Northern Pike (Esox lucius Linneaus, 1758), on
habitat use and growth of Muskellunge in Ohio impoundments (Southern et al. 2015), and to
identify the realized thermal niche of Muskellunge in a Tennessee reservoir (Cole and Bettoli
2014). Temperature is known to impact the movement of Muskellunge in natural systems
(Dombeck 1979).
Radio telemetry has been used to identify home ranges (Dombeck 1979; Calenge 2006;
Wagner and Wahl 2011; Weber and Weber 2021b). The most common method of estimating
home range size is minimum convex polygon MCP (Mohr 1947; Hayne 1949) because of its
ease of calculation. Seasonal movements are common for Muskellunge: increased movements to
reach spawning areas in the spring (Morrison and Warren 2015), decreased movement during
warm summer periods documented in Forbes Lake, Illinois (Wagner and Wahl 2011), and
minimal movements were documented during the winter in central Ontario (Minor and Crossman
1978) and northern Wisconsin (Dombeck 1979).
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Coutant 1985 hypothesized striped bass Morone saxatilis experience temperature oxygen
squeeze, where they are “squeezed” between their thermal and dissolved oxygen preferences or
requirements. Other cold and cool water species are experiencing temperature oxygen squeeze,
particularly in the northern oligotrophic lakes with species such as cisco Coregonus artedi (Fang
et al. 2012). Striped bass subject to this “squeeze” during the summer can be subject to extremely
high catch and release mortality, 83 % (Bettinger et al. 2005). Cold and cool water fish are
subject to increased stress when in reservoirs with warm stratified summer water temperatures.
Thermal stratification with hypoxia present below the thermocline can be measured in
various ways to assess habitat conditions for fish. Metrics such as cumulative degree days (CDD)
have been created to assess thermal stress (Chezik et al. 2014). Temperature-dissolved oxygen
squeeze can be evaluated using “Temperature at dissolved oxygen level x” usually 3 mg/l
(TDOx) calculated by extracting the temperature value at the first dissolved oxygen level above 3
mg/l from the temperature and dissolved oxygen profiles (Jacobson et al. 2010). These various
metrics are often used to quantify changes in lake stratification often regarding climate change.
Muskellunge in their southern range are subjected to increased surface water temperatures
compared to their northern counterparts. Fisheries managers of lakes, reservoirs, and rivers in the
southern range of the Muskellunge need to consider oxy-thermal stress when managing their
populations.
Several studies have used biotelemetry to assess movement, home range, habitat
selection, and mortality on riverine populations of Muskellunge (Brenden et al. 2006; Owensby
et al. 2017; Weber and Weber 2021b; Bauerlien 2022) as well as stocked juvenile Muskellunge
in lakes (Wagner and Wahl 2007; Weber and Weber 2020). Except for Cole and Bettoli (2014),
little information is available on southern Muskellunge populations and associated environmental
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conditions, such as increased water temperature and decreased dissolved oxygen availability.
The impact these environmental conditions have on Muskellunge, in the face of a changing
climate, is becoming increasingly important for managers to know.
This study sought to define movement, home range, and oxy-thermal habitat use by
Muskellunge in a southern reservoir environment. We used radio telemetry to monitor locations
of individual fish and collected concurrent measures of water temperature and dissolved oxygen
concentrations to investigate if catch and release angling impacted movement and home range
size. We also wanted to identify Muskellunge summer oxy-thermal habitat use, movement, and
home range size in Stonewall Jackson Lake, WV.
Methods
Study site
Stonewall Jackson Lake is a flood control reservoir on the West Fork River in Lewis
County, West Virginia, completed in 1990 (Figure 12). The lake is 1072 hectares surrounded by
Stonewall Jackson Lake Wildlife Management Area an extensive 7401 hectares of mixed
hardwoods. The lake is characterized by standing (flooded) timber throughout most of the coves.
It is comprised of a warm water fishery containing Largemouth Bass (Micropterus salmoides),
White Crappie (Pomoxis annularis), Bluegill (Lepomis macrochirus), Yellow Perch (Perca
flavescens), Walleye (Sander vitreus) and Muskellunge, which have been stocked in Stonewall
Jackson Lake in 2004.
The West Virginia Division of Natural Resources. Starting in 2013 all stocked
Muskellunge large enough (> 175 mm) received a PIT tag prior to stocking. The lake is managed
for trophy Muskellunge fishing as it has a minimum length limit of 1320 mm (52 inches) and a
daily bag limit of one fish. This strict regulation in practicality makes the lake a catch and release
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fishery, except for a record size fish. Stonewall Jackson Lake follows a water stratification
regime similar to dimictic lake developing a thermocline from mid-June into mid-September.

Field Sampling
All research activities were approved by the West Virginia University Institutional
Animal Care and Use Committee under protocol # 1910030520. Muskellunge for this study were
collected by boat electrofishing by the West Virginia Division of Natural Resources (WVDNR)
from locations around the lake (Figure 13). Muskellunge were collected from staging and
spawning areas in March to maximize catch rates and reduce stress due to the cool water
temperatures (11 ° C). Muskellunge were collected by two electrofishing boats and crews and
were held in large live wells on each boat until stopping to conduct field surgeries to implant
transmitters. Muskellunge were immobilized for field surgeries using low-powered nonplused
DC (4 mA) electric fish handling gloves (Smith-Root, Vancouver, Washington, USA). Electro
immobilization provides the benefit of rapid induction and recovery time as well as no chemical
withdrawal period, allowing for immediate release back into a wild system (Vandergoot et al.
2011; Faust et al. 2017; Ward et al. 2017). All fish were measured to the nearest mm (total
length) and fish were weighed to the nearest 0.02 kg. Sex was determined at the time of tagging
using urogenital morphology (Lebeau and Pageau 1989), along with the presence of free-flowing
milt or confirmation of eggs when the incision was made. Water was pumped over the gills to
continuously irrigate them, supplying oxygen to the fish while immobilized inside a mesh cradle.
All surgical equipment and transmitters were sterilized in glutaraldehyde solution before
each surgery session and disinfected in-between surgeries using betadine solution (povidoneiodine). Each fish was implanted with a trailing-whip radio telemetry transmitter into the coelom
through a small incision on the ventral side of the fish posterior to the pelvic girdle 1 cm off the
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midline of the fish. A total of 45 fish were implanted with the F1850B transmitter in March
2020, and an additional 47 fish in March 2021, 45 of which received temperature-sensitive
transmitters, F1850T, and 2 received the F1850B (Advanced Telemetry Systems, Isanti,
Minnesota, USA; model F1850B; weight 27g; battery life 360 days or model F1850T, weight
26g, battery life 1576 days). The transmitter was switched to the F1850T in 2021, to gather
temperature utilization of Muskellunge in the summer. The F1850T was programmed to gather
data from 20 – 40 degrees ° C. The tag weight remained less than 2 percent of the weight of the
fish (Winter 1996). A 14-gauge catheter was used to create a hole for the external antenna to exit
the abdominal wall 1 cm posterior to the incision using a grooved director to shield internal
organs. The antenna of the radio telemetry tag was inserted through the catheter needle and the
catheter was removed. A simple interrupted pattern of partially dissolvable monofilament sutures
was used to close the incision (Cooke et al. 2003, 2011; Wagner et al. 2011; Hühn et al. 2014).
Muskellunge that did not already have a passive integrated transponder (PIT) tag (Biomark, Inc,
Boise, Idaho) were implanted with one in the upper dorsal musculature. In addition, we added a
yellow external dart tag (Hallprint, Hindmarsh Valley, South Australia) inserted into the left
dorsal musculature just posterior to the dorsal fin, allowing for angler identification to report
recaptures. The external dart tag had the individual tag number, contact name with a phone
number, and “DO NOT REMOVE” printed on it to inform anglers. The total procedure from the
onset of immobilization to return to the water took less than 7 minutes.

Tracking Methodology
Fish were actively tracked in this study, with the equipment differing slightly between
years due to the change to temperature-sensitive transmitters in 2021. In 2020 tagged fish were
manually tracked using an R2000 telemetry receiver with a three-element Yagi antenna
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(Advanced Telemetry Systems, Isanti, Minnesota, USA). In 2021, we switched to an R4500
telemetry receiver to accommodate the decoding of the radio tags to identify water temperature.
We attempted to locate all fish weekly during the summer period, between June and the end of
September, and at least monthly during October, November, March, April, and May. Winter
months were excluded due to weather and equipment limitations. Tracking events were limited
to daylight hours due to logistical constraints. During tracking events, the entirety of the lake was
searched by navigating within 200-300 meters of one shoreline in a clockwise or
counterclockwise manner. We did not use a defined search grid because our in-situ measure of
radio transmitter detection distance was greater than the maximum width of the meandering
reservoir. Using a similar study design to (Freund and Hartman 2002) transmitter detection
distance was estimated on March 20, 2021, at 615 meters at 1-meter depth. Similar to previous
Muskellunge telemetry studies we saw high detection probabilities (Younk et al. 1996;
Landsman et al. 2011; Owensby et al. 2017). All fish were located and mobile prior to the warm
water season so we assumed no tag loss, transmitter failure, or short-term tagging mortality.
During a tracking session, once a transmitter was detected at full gain, we approached the
fish until the gain was reduced and the signal was barely noticeable, the antenna was removed
and only the exposed end of the coaxial cable was used to pinpoint fish locations. Global
position system (GPS; Garmin E-Trex; Garmin International, Inc.; Olathe, KS, USA) coordinates
were taken at each fish location.

Environmental variables
The environmental variables and tracking locations were used to assess seasonal habitat
use, as well as how habitat use varies based on water temperature, dissolved oxygen, size, and
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sex. The environmental variables experienced by the Muskellunge were collected using a YSI
professional plus handheld multimeter (YSI, Inc., Yellow Springs, Ohio) at each tracking
location. YSI profiles were collected at each location of a tagged Muskellunge at 1-meter depth
intervals. Surface water temperature was summarized for each tracking session. Habitat
utilization was analyzed by summarizing transmitter temperature for each Muskellunge.
Individual Muskellunge were grouped into one of 5 general areas throughout Stonewall Jackson
Lake, based on the majority of their summer tracking locations. We visualized transmitter
temperature using boxplots and evaluated for statistical differences between locations with a
Tukey’s post hoc analysis in R. Transmitter temperature provided insight into what water
temperature the Muskellunge were utilizing compared to their available oxy-thermal profile. One
meter water temperature was compared between Muskellunge size, to identify possible sizebased habitat hierarchy, using linear regression “lm” in the “stats” package (R Core Team 2020).
To quantify the water temperature experienced by Muskellunge through time we utilized
a modified version of cumulative daily degree days, CDD :

𝑆𝑈𝑀(𝐶𝐷𝐷 = (

𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛
) − 𝑇𝑥 )
2

where Tmax and Tmin are the maxima and minimum daily ambient temperatures
respectively, Tx is the temperature at which growth is nonlinear and effectively zero (Chezik et
al. 2014). CDD was calculated using United States Army Corps of Engineers water temperature
thermistor data for each thermistor spaced at 3 feet increments from surface to bottom near the
deepest portion of the lake, the dam, and summed by year. Booth's (2022) models identified 4–5day cumulative daily temperatures above 25 °C as significantly increased the likelihood of catch
and release mortality (suggesting thermal stress) for adult Muskellunge. Therefore, we used 25
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°C as our threshold for cumulative degree days in our analysis. This cumulative degree (CDD)
day calculation provides a measure of potential thermal stress experienced each year by
Muskellunge in Stonewall Jackson Lake from 2003 to 2021. Linear regression was used to
identify if there is a trend present in the cumulative daily degree data.
The temperature at dissolved oxygen, TDO, levels are also used to calculate the thermal
oxygen stress of cool water fish species. The temperature at dissolved oxygen levels of 3 mg/l
(TDOx) was calculated for the summer period in 2020 and 2021. This was done by extracting the
temperature value at the first dissolved oxygen level above 3 from our one-meter resolution
water profiles taken at Muskellunge tracking locations.
The United States Army Corps of Engineers (USACE) provided us with water
temperature thermistor data at 3 feet (~1 meter) increments from the surface to the bottom of
Stonewall Jackson Lake near the dam from 2003 through 2021. Water temperature was also
measured using a handheld YSI unit at each tracking location at 1-meter intervals. Additionally,
summer water temperatures were measured every 10 minutes using temperature loggers (HOBO
MX2201) deployed at a 1-meter depth at five locations around Stonewall Jackson Lake between
May 2021 and October 2021. To evaluate spatial differences, we compared mean month water
temperature at 1 meter compared across the five HOBO locations, USACE data, and water
temperatures taken at each tacking location, using an analysis of variance (ANOVA).
Movement and Home Range
Minimum convex polygon home range, here after referred to as home range, were
calculated for spring, and summer to enable comparison with previously published studies using
‘MCP’ function in the package ‘adehabitatHR’ (Calenge 2006). Spring and fall were excluded
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from home range analysis because all fish had fewer than 5 observations and thus, lacked the
minimum sample size required in similar MCP studies ( Miller and Menzel 1986; Wagner and
Wahl 2011). The MCP method utilizes the locations of the fish and creates the home range by
creating a minimum convex polygon between the outside points, capturing the specified
percentage of points (95%). We compared home range sizes between angled and non-angled
Muskellunge during the summer period. We also compared home range size based on the side of
the lake east or west that the individual fish was most commonly tracked during the summer
period. This was done because we noted differences in TDO3 between the east and west side of
the lake. The TDO3 differs between the east and west sides of the lake during the 2021 summer
period. Data relationships were first visualized with box plots. To identify environmental
variables driving home range size we fit generalized linear models assuming a gamma
distribution to estimate MCP home range based on additive models with predictor variables: total
length, angler recapture, tag temperature, side of the lake inhabited during the summer period,
and year tagged. We utilized a gamma distribution because the data is always positive and is
skewed to smaller home range sizes. A candidate set of additive models were created in R and
the best fit model was chosen based on the lowest AIC value, with models with 2 delta AIC
being comparable. AIC values were determined using the “mods” function in the “AICcmodavg”
package in R (Mazerolle 2020; R Core Team 2020).
Muskellunge movement was calculated in distance of meters per week, based on the
distance between one tracking location and the next, using the “as.ltraj” tool in “adehabitatLT”
package (Calenge 2006; R Core Team 2020). Muskellunge movement was first compared over
time visually with a boxplot of the average distance moved for all Muskellunge during a given
tracking period. We compared the difference between the east and west side of the lake using a
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“t.test” function in the “stats” package (R Core Team 2020), and finally to identify the
correlation to Muskellunge transmitter temperature in 2021 using “cor.test” in the “stats”
package (R Core Team 2020). We utilized the Kendal correlation method due to the non-normal
distribution of our data. Sampling frequency differed between spring, summer, and fall periods,
spring and fall sampling occurred at least monthly, while summer sampling occurred weekly. In
order to make movement analysis comparable we randomly subset the summer sampling periods
to biweekly increments.
Spatial distributions of Muskellunge in Stonewall Jackson Lake were visualized using the
kernel density tool in the spatial analyst package ArcMap 10.1 (ESRI, Redlands CA, USA).
Kernel Density Estimates (KDE) calculates the density of Muskellunge locations within the
output raster cell. The more locations within a given cell the higher the KDE output value is. One
weeklong tracking period was randomly selected from the spring, summer, and fall periods in
2021 to create the KDE maps to identify seasonal spatial distribution throughout Stonewall
Jackson Lake.
Results

Field Sampling
Forty-five Muskellunge were tagged in 2020 at 5 different locations throughout
Stonewall Jackson Lake. Of the 45 Muskellunge tagged 17 were females and 28 were males. An
additional 47 Muskellunge were tagged in 2021; 18 were females and 27 were males and 2 were
unidentified. Muskellunge ranged from 738–1296 mm TL and 2.94 kg to 18.2 kg wet weight.
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Environmental variables
One-meter water temperature measurements taken at each summer tracking location
averaged 27.5°C in 2020 and 26.5°C in 2020. Water temperatures were highest in July and
September averaging over 28°C (82 F) for both 2020 and 2021. However, Muskellunge could
access cooler water at depth in Stonewall Jackson Lake. The average temperature reported by
these tags in Muskellunge between May 24th and September 19th, 2021, was 23.07 ° C. There
was no relationship between transmitter temperature and total length of Muskellunge (F = 0.641,
DF = 1,45, p-value = 0.43). Mean transmitter temperature varied based on the tracking location
of the fish by month (Figure 14). More specifically Tukey’s post hoc analysis identified a
statistical difference between the two main arms of Stonewall Jackson Lake (Figure 15). Fish
located in the eastern arm, accessed by Vandalia and Little Skin Creek boat ramps, had
significantly lower tag temperatures than fish in the western arm of the lake containing
Jacksonville and State Park boat ramps.
Cumulative degree days over 25°C at 3 feet depth, increased from 300 to 500 between
2004 to 2021 (Figure 16). The Mann Kendall trend analysis identified there was a trend
occurring between years in the cumulative degree days for depths from surface down to 4.5
meters (p-value =0.003, 0.002, 0.007, 0.0006, 0.0008, 0.02, respectively from the surface down
to 4.5 m). Thermal conditions as assessed by CDD increased over time for Muskellunge in
Stonewall Jackson Lake.
TDO3 was not statistically different between years, mean summer TDO3 was 20.9°C in
2020 and 20.12°C in 2021. TDO3 was significantly different (p-value = 2e-16, DF = 4, 570, F =
58.06) between the “east” and “west” side of the lake (17.3°C and 21.8°C respectively).
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Stonewall Jackson Lake has summer oxy-thermal refugia available to Muskellunge with TDO3
nearing the top end of Muskellunge realized thermal niche temperature 25.1 C (22.3 ± 1.8 C)
only during September on the east side of the lake while it exceeded > 22°C in July, August and
September in the West side of the lake (Figure 17). Muskellunge transmitter temperature was
near or below TDO3 on the west side of the lake during July and August while Muskellunge
transmitter temperature on the east side of the lake was well above TDO3 (Figure 17).
There was no statistical difference between the mean monthly water temperature obtained
between the Hobo temperature loggers and the USACE thermistor data at 1 m depth. Therefore,
USACE 1 meter data is representative of temperatures at that depth at other locations utilized by
Muskellunge throughout Stonewall Jackson Lake (DF = 5, p-value = 0.94, F = 0.22). Water
temperatures at a depth of 1 meter (about three feet) below the surface exceed 24°C and even
30°C from June to September (Figure 18). While at a depth of 6 meters (about 20 feet) water
temperatures are around 19 ° C, but hypoxia, defined as dissolved oxygen levels less than 3 mg/l
is present, restricting fish and potentially resulting in a thermal-niche oxygen squeeze. Water
temperature maps were made with the “wtr.heat.map” function in the “rLakeAnalyzer” package
(Winslow et al. 2019) to visualize how temperature changes with depth over time (Figure 19).
Movement and Home Range
The summer 95% minimum convex polygon (MCP) home range size averaged 30
hectares in 2020 (SE 5.9) and averaged 19 hectares (SE 2.9) in 2021 Summer home range size
was significantly different between summer recaptured Muskellunge and non-recaptured
Muskellunge (df = 40.6, t = -2.12, p-value = 0.04, n = 26,89) with angled Muskellunge having
larger home ranges (Figure 20). On average recaptured Muskellunge had a 16-hectare larger
summer home range as compared to Muskellunge which were not recaptured. There was no
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significant difference in summer home range size between male and female Muskellunge (df = 2,
f= 0.49, p-value = 0.65). Five models were identified as explaining summer MCP home range
size based on AIC values. Transmitter temperature was included in all of the top five models
(Table 4). Total length was included in three of the top models. Year occurred in two of the top
models. Summer tracking location occurred in one model.
The average weekly distance moved by Muskellunge in the summer season was 1374 ±
2463 m/w. There was not a significant difference between sampling years and the average
weekly distance moved (df = 103, p-value = 0.95, t = 1.98). The average weekly distance moved
did not differ between the east and west sides of the lake (t = -0.44, df= 4275, p-value = 0.66).
The average weekly distance moved increased during the summer period (Figure 22).
The average weekly movement did not differ significantly between seasons, with fall being the
lowest, 210 ± 21.9m/w, spring having second highest with 594 ± 918 m/w, and summer having
the highest, 1374 ± 2463 m/w. The Mann Kendal correlation analysis identified a significant
positive relationship between mean transmitter temperature and mean distance moved across all
seasons (z = -3.6, p-value = 0.0003, tau = -0.02).
Muskellunge density during summer and other seasons was visualized by creating kernel
density estimates. Muskellunge were most densely located in the Little Skin Creek area of
Stonewall Jackson Lake during the summer period compared to other locations throughout the
lake (Figure 23). Little Skin Creek was one of three areas on the east side of Stonewall Jackson
Lake that had a low TDO3 value representing oxy-thermal refugia. Peak kernel density estimates
for the spring (Figure 24) and fall (Figure 25) seasons are half of the density of the summer
period and spread out throughout the lake.
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Discussion
To our knowledge, this is the first study of Muskellunge oxy-thermal habitat use and
movement within a southern reservoir with surface water temperatures exceeding 26°C (77 F).
Water temperatures were highest in July, August, and September averaging over 28°C (82 F) for
both 2020 and 2021 with peak temperatures reaching 32 ° C. Due to the thermal stratification
present in Stonewall Jackson Lake, Muskellunge were able to use cooler water. Summer habitat
utilization was determined by temperature-sensitive transmitters averaging 23 ° C, which is
within the realized thermal niche of Muskellunge 22.3 ± 1.8 °C (Cole and Bettoli 2014).
There are oxy-thermal habitat differences between the east and west side of Stonewall
Jackson Lake, with the eastern arm having cooler more oxygenated water (Figure 17).
Muskellunge experience higher oxy-thermal stress on the west side (mean TDO3 21.3) of
Stonewall Jackson Lake than on the east side (mean TDO3 17.3 ° C). While there is a marked
difference in TDO3 between areas of Stonewall Jackson Lake, Muskellunge still utilize areas of
the lake on the west side that are near or below the TDO3 values that exceed 25°C during the
summer period (Figure 17). Similarly, Southern et al. (2015) found Northern Pike (Esox lucius)
in Ohio Resivoirs inhabiting water temperatures nearest 3 mg/l dissolved oxygen concentrations
when surface water temperatures exceeded 25 ° C.
Some individuals moved over 22 km from headwaters on the west side of Stonewall
Jackson to the east side (Little Skin Creek) in May. While others remained in the warmer water
temperature available on the west side. The factors driving the differences between the
Muskellunge movement are unknown. Muskellunge may employ different strategies when
dealing with the temperature and dissolved oxygen levels. One strategy may be movers, that
once they start to feel stressed they move and expend energy to locate more ideal conditions
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(Breau et al. 2009; Dobos et al. 2016). The other strategy would be to not move and decrease
energy expenditure by becoming stationary(Campbell et al. 2011). Further studies are needed to
elucidate these movements and thermal habitat utilization differences. Habitat use in this study is
based on transmitter temperature which is not an immediate measure of the surrounding water
temperature that fish are inhabiting because we used intracoelomic implantation which provides
a measure of the fish’s body temperature. Previous research found the rate change for
temperature-sensitive intracoelomic transmitters in brook trout (Salvelinus fontinalis) was
highest in the first 10 minutes following a change in water temperature exposure (Pépino et al.
2015). Due to their larger mass and smaller relative surface area, species such as Muskellunge
may exhibit slower rates of temperature change when moving into different water temperatures
than brook trout. While Muskellunge transmitter temperature may not be the exact surrounding
water temperature at that time, it is likely a close approximation of the average water temperature
that individual experiences.
Thermal stress has been increasing in Stonewall Jackson Lake over the past 18 years.
cumulative degree days over 25°C have increased steadily since 2003. Increasing thermal trends
as a result of climate change have been observed in lakes and reservoirs previously (Jacobson et
al. 2010; Sahoo et al. 2011). If thermal stress continues to increase over time, Muskellunge will
likely find less suitable oxy-thermal habitat availability in Stonewall Jackson Lake. Increased
oxy-thermal stress could cause an increase in catch and release mortality (Bettoli and Osborne
1998; Arlinghaus 2017; Bauerlien 2022) resulting in larger impacts on the Muskellunge
population in Stonewall Jackson Lake.
Stonewall Jackson Lake has cool water thermal refugia varying from marginal, 25°C with
2-3 mg/l dissolved oxygen, on the west side in the headwaters, to excellent, 17 °C with 3mg/ l
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dissolved oxygen, on the east side near the main stem. Muskellunge in Stonewall Jackson Lake
exhibited elevated catch and release mortality, 10.25 %, during the summer period compared to
Landsman et al 2009, 0 %. Conversely, Stonewall Jackson Lake catch and release mortality was
low compared to the James River and hatchery ponds, 33%, (Bauerlien 2022; Booth 2022),
where no thermal refugia are present due to the lack of thermocline. Managers should take note
of the increasing thermal trend identified in Stonewall Jackson Lake and the link between
elevated water temperatures and increased catch and release mortality for Muskellunge. Similar
thermal regimes may be present in other lakes and reservoirs with cool water fish species.
The average summer MCP home range of 2020 (30 ± 5.9 ha) and 2021 (19 ± 2.9 ha) is
comparable to summer home ranges found for juvenile Muskellunge in Forbes Lake, Illinois (16
± 3 ha Wagner and Wahl 2011), but is small compared to adult Muskellunge in West Okoboji
Lake, Iowa (146 ha, Miller and Menzel 1986) and in the Antrim chain of lakes, Michigan (612
ha, Diana et al. 2015). The summer home range was similar to the spring home range sizes. As
previous research has shown for northern pike (Vehanen et al. 2006), home range positively
correlated with the total length of Muskellunge. In our study, summer home range size was best
predicted by the total length of individual, transmitter temperature, and whether anglers
recaptured them. Muskellunge that were recaptured had a larger home range size. The total
length of Muskellunge is sex-dependent as they are sexually dimorphic, sex was not used as a
predictor variable because of its collinearity with total length. One hypothesis for this
relationship is Muskellunge with larger home range sizes are more likely to be encountered by
anglers and thus caught. However, previous research on the theory that increased movement
results in higher encounter rates between fish and fishing gear is limited. Monk and Arlinghaus
(2017) found no evidence for encounter-based behaviors, or for more energetically less
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conditioned benthivorous fish to be more vulnerable to angling. An alternative hypothesis is that
Muskellunge move after being caught in one location, fleeing from their recapture location, and
thus being captured increases their home range size. Previous research focused on short term
movement of northern pike after catch and release, found decreased movement in 24 post
release, but movement was normal two tracking periods after angling (Klefoth et al. 2008).
Movement rates in Muskellunge vary depending on the season and location of the study.
Miller and Menzel (1986) found decreased movement during the summer period in Iowa, while
Younk et al. (1996) observed decreased movements during the winter period and increased in the
spring and fall in the Mississippi River. Muskellunge's average weekly movement for the
summer period in Stonewall Jackson Lake was nearly double compared to Brushy Creek and
Big Creek Iowa (156 and 397 m/week respectively, (Weber and Weber 2021b). One factor that
could potentially be impacting this difference is that Stonewall Jackson Lake is 1072 ha while
Big and Brushy Creek are smaller (357 and 280 ha, respectively). Summer weekly movement
was 3.5 and 7 times more than spring and fall respectively in Stonewall Jackson Lake. Vehanen
et al. (2006) found increased movement for Northern Pike (Esox lucius) during the summer
period. This increased movement during the summer period could be driven by the fact that
Muskellunge are inhabiting water temperatures of 23°C close to their ideal growth temperature,
driving an increased need to forage.
Muskellunge kernel density estimates varied based on season, with densities doubling
during the summer season. Summer Muskellunge density is centered around two locations in
Stonewall Jackson Lake. The main high-density location is on the east side of Stonewall Jackson
Lake, along with another slightly less dense location on the west side. The high density on the
east side during the summer period could be due to the low TDO3 levels available there,
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however, there are other locations with similar TDO3 levels, which do not have high densities of
tagged Muskellunge. Other variables such as ideal forage densities that were not measured in this
study could potentially identify why we are seeing these dense congregations during the summer
period. One potential source of bias that needs to be considered is that tagging was done in an
opportunistic way during the pre-spawn period. Since we did not collect Muskellunge from every
location in Stonewall Jackson Lake, our results could be biased if the behavior of our fish was
not representative of the population as a whole. Muskellunge kernel density estimates for the
spring and fall periods show less overlap compared to the summer season. Managers should take
note of the high-density areas during the summer period as those areas have the most potential
for catch and release overexploitation. This study provides insight into the oxy-thermal habitat
use (21.3 C) of Muskellunge in a southern reservoir when surface temperatures exceed 28°C (82
F). Overall Muskellunge in Stonewall Jackson Lake can access oxy-thermal refugia, near 3 mg/l
on the west side and above that on the east side, throughout most of the lake during the summer
periods. Muskellunge movement per week and home range size increase during the summer
period relative to spring and fall. Muskellunge increased kernel density estimates during the
summer period are likely driven by oxy-thermal refugia. Managers should continue to monitor
oxy-thermal stress levels in Stonewall Jackson Lake for Muskellunge during the summer period
because thermal stress has been increasing steadily since 2003.
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Tables and Figures
Table 4. Akaike information criterion (AIC) table with delta AIC and cumulative model weight
for gamma model selection of estimating summer minimum convex polygon MCP home range
size.
Model Rank

Predictor Variables

AIC

1

TL + Tag Temp

349.35

0

0.24

2

TL + Tag Temp + Year

349.35

0.0

0.24

3

TL + Tag Temp + Loc

350.53

1.18

0.13

4

Tag Temp

351.05

1.71

0.10

5

Tag Temp + Year

351.05

1.71

0.10

26

Recapture + Loc

752.45

403.1

0
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Delta AIC

AIC Wt

Figure 12. Map of the study site, Stonewall Jackson Lake in Lewis County West Virginia.
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Figure 13. Map of Stonewall Jackson Lake showing locations where Muskellunge were radiotagged and released in March 2020 (black triangles) as well as March 2021 (green circles). Water
temperature logger locations labeled on adjacent land: Jacksonville (J), State Park (S), Wolf Fork
(W), Little Skin Creek (L), Vandalia (V), and Hog Hollow (H). USACE dam water temperature
location (U).

96

Figure 14. Summer transmitter temperature within 5 different regions in Stonewall Jackson Lake,
WV for June, July, August, and September 2021. Jacksonville and State Park are located on the
west side of Stonewall Jackson Lake, while Little Skin Creek, Vandalia, and Wolf Fork are on the
east side.
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Difference in mean transmitter temperatures by summer location

Figure 15. Tukey’s HSD visualization statistical difference between summer (June -September)
transmitter temperature in the two main arms of Stonewall Jackson Lake. The eastern arm had a
significantly lower tag temperature than the western arm of the lake which had a warmer water
temperature. Values that encompass zero are similar while values that do not encompass zero are
statistically different.
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𝑇𝑚𝑎𝑥−𝑇𝑚𝑖𝑛

Figure 16. Cumulative daily degree days were calculated by 𝐶𝐷𝐷 = 𝑆𝑈𝑀((
)−
2
25 ° C) for each year at thermistor depth (surface, 1,2,3,4 meters) through time from 2004 to
2021. The positive trend provides evidence of increasing thermal stress through time This
relationship is important for managers to consider as the Muskellunge population may be subjected
to higher levels of thermal stress if this pattern continues.
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Figure 17. Muskellunge transmitter temperature color-coded to the area they inhabited for the
summer period. One-meter water temperature is represented by the dotted line at the top of the
figure. The temperature at a dissolved oxygen level of 3 mg/l (TDO3) is plotted between the east
and west side of the lake. Cooler oxy-thermal habitat is available on the east side of Stonewall
Jackson Lake (solid black line) compared to the warmer oxy-thermal habitat on the west side
(dashed black line). Muskellunge in the State Park and Jacksonville areas are utilizing water
temperatures close to TDO3 levels.
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Figure 18. Water temperature profile, ° C, of Stonewall Jackson Lake, WV during 2020 at 1 meter
(3 feet) below the surface (solid black line) and 6 meters (20 feet) below the surface (dashed line)
shows cooler waters are present at depth.
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Water Temperature (F)

Depth (Feet)
Figure 19. Stonewall Jackson Lake water temperature profile over 2021 from United States Army
Corps of Engineers (USACE) data.
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Figure 20. Muskellunge summer (June – September) minimum convex ploygon, MCP, 95 %
home range between summer angler recaptured individuals (1) and non-recaptured individuals (0)
for both 2020 and 2021. Angler recpatured individuals had on average a 16 ha larger home range
size compared to non-recaptureed individuals (df = 40.6 , t = -2.12, p-value = 0.04, n = 26,89).
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Figure 21. Linear model of Minimum Convex Polygon MCP home range size in hectares increases
with total length in mm of Muskellunge in Stonewall Jackson Lake for spring on the left (F = 25.2,
adj R-squared = 0.28, p-value = 4.8e-06) and summer on the right (F = 16.25, adj R-squared =
0.15, p-value = 0.0001).
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Figure 22. Points represent the mean weekly distance moved by tacking day in meters, with error
bars representing one standard deviation for Muskellunge in Stonewall Jackson Lake, WV. Mean
weekly distance moved was calculated from bi-weekly tracking in March, April, May, subset biweekly June- September, and monthly tracking in October and November 2020 and 2021.
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Jacksonville

Figure 23. Summer Kernel Density Estimate (KDE) was created using the spatial analyst tool pack
in ArcMap for all Muskellunge locations in Stonewall Jackson Lake for the week tracking period
of August 11, 2021.
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Figure 24. Spring Kernel Density Estimate (KDE) was created using the spatial analyst tool pack
in ArcMap for all Muskellunge locations in Stonewall Jackson Lake for the week tracking period
of May 24, 2021.
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Figure 25. Fall Kernel Density Estimate (KDE) was created using the spatial analyst tool pack in
ArcMap for all Muskellunge locations in Stonewall Jackson Lake for the week tracking period of
November 2, 2021.
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